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Recent advances in high power density fuel materials have renewed interest in nuclear thermal 
rockets (NTRs) as a viable propulsion technology for future space exploration. This thesis 
describes the design of three NTR reactor engines designed for the single stage to orbit launch of 
payloads from 1-15 metric tons. Thermal hydraulic and rocket engine analyses indicate that the 
proposed rocket engines are able to reach specific impulses in excess of 700 seconds. Neutronics 
analyses performed using MCNP5 demonstrate that the hot excess reactivity, shutdown margin, 
and submersion criticality requirements are satisfied for each NTR reactor. The reactors each 
consist of a 40 cm diameter core packed with hexagonal tungsten cermet fuel elements. The core 
is surrounded by radial and axial beryllium reflectors and eight boron carbide control drums. At 
the same power level, the 40 cm reactor results in the lowest radiation dose rate of the three 
reactors. Radiation dose rates decrease to background levels ~3.5 km from the launch site. After 
a one-year decay time, all of the activated materials produced by an NTR launch would be 
classified as Class A low-level waste. The activation of air produces significant amounts of 
argon-41 and nitrogen-16 within 100 m of the launch. The derived air concentration, DAC, from 
the activation products decays to less than unity within two days, with only argon-41 remaining. 
After 10 minutes of full power operation the 120 cm core corresponding to a 15 MT payload  
contains 2.5 x 10
13
, 1.4 x 10
12
, 1.5 x 10
12
, and 7.8 x 10
7









respectively. The decay heat after shutdown increases with increasing reactor power with a 
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 The future of manned space exploration is dependent on decreasing launch costs relative 
to modern day chemically-fueled rockets. A rocket with an increased specific impulse compared 
to current rockets could make this possible. By developing a launch vehicle with increased 
specific impulse the mass of the propellant required to place a given mass in orbit can be greatly 
reduced, potentially decreasing the cost of launching material from the Earth's surface.  
 Specific impulse is directly related to the exhaust temperatures of the working fluid and 
the molecular weight of the propellant. Nuclear thermal rockets using hydrogen propellant with 
coolant exit temperatures of near 3000 K, are capable of significantly higher specific impulses 
than conventional chemical rockets (Corliss, 1971). Nuclear rockets have demonstrated specific 
impulses of greater than 850 seconds (Aerojet-General Corporation, 1958), compared to chemical 
rockets which range between 200-450 seconds (Sutton, 2006).  Increased specific impulse allows 
nuclear rockets to use less propellant than chemical rockets, thus improving the thrust to weight 
ratio of the vehicle. In the long run, with the potential for reuse, nuclear thermal rocket engines 
may become a more cost effective propulsion option than the current chemical rockets 
technologies. 
 More than forty years after the National Aeronautics and Space Administration (NASA) 
and the Atomic Energy Commission (AEC) cancelled the Rover and NERVA programs in 1972 
(Robbins and Finger, 1991) research into nuclear thermal rockets (NTRs) has resumed. Currently, 
work is underway at the Center for Space Nuclear Research (CSNR) in Idaho Falls, Idaho to 
develop and produce a new type of NTR fuel. The proposed tungsten cermet fuels employ a 
tungsten (metal) matrix with a ceramic uranium fuel (either UO2 or UN) distributed throughout 
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the matrix (O'Brien et al., 2009). The metallic properties of tungsten allow for ductility and high 
strengths at elevated temperatures as well as good thermal conductivity (Webb and Charit, 2010). 
These material properties may allow the fuel elements to reach higher power densities than 
previous NTR fuels (Howe and O'Brien, 2010). Some of the most significant benefits of tungsten 
cermet fuels are those related with the safety of the NTR. Tungsten effectively shields gamma 
radiation and therefore reduces the intensity of the gamma rays escaping the reactor (Craft et al., 
2012). Tungsten cermet fuels are also compatible with high-temperature hydrogen gas (Craft et 
al., 2012); and, unlike the Rover/NERVA reactor fuel elements, the fuel channels would not need 
to be coated with another material that is compatible with hydrogen.  
 The cracking of the ZrC coating in early nuclear rocket reactors caused fuel mass erosion 
(Howe and O'Brien, 2010). Tungsten's resistance to erosion, along with its higher resistance to 
radionuclide migration may allow the tungsten cermet fuel its ability to retain the fission products 
that are produced in the reactor core (Howe and O'Brien, 2010). All of these advantages may 
allow a NTR to be safely launched from the earth's surface. An NTR's lower propellant to payload 
fraction may make NTRs cost effective solutions for future rocket missions. The ability to launch 
an NTR from the surface could pave the way for missions such as the building of a lunar base, 
which would, in theory, require multiple earth to moon trips. 
 This Master's thesis examines the safety implications of a NTR surface launch scenario. 
The safety of the public and workers is always major concern when it comes to US space 
programs; therefore in order for an NTR launch to take place, the risks posed by the launch of a 
nuclear thermal rocket from the earth's surface must be well known, and it must be shown that 
members of the public will not receive an excessive dose. The reactors also have to be subcritical 
in all launch abort scenarios. Before the risk analysis, a design study produced a series of NTR 
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reactors optimized for the delivery of a range of payload masses to low earth orbit (LEO), using 
the tungsten cermet fuel currently being developed at the CSNR. Subsequently, the thesis includes 
a detailed risk assessment of this range of reactors. The risk assessment considers several different 
factors: 
 Radiation dose assessment - A complete dose assessment will be performed for both 
neutron and gamma radiation as a function of the distance from the nuclear rocket. 
 Activation of materials in the launch area - The release of neutrons from the reactor could 
cause the soil, air, and materials around the launch pad to become activated. The extent of 
this activation will be evaluated. 
 Fission product inventory- Once the reactor reaches criticality there will be a buildup of 
fission products from the fission of
 
uranium. These fission products emit radiation until 
they decay into a stable isotope. The fission products produce heat in the subcritical reactor 
and contribute to the consequences of a failed launch. The thesis will assess the fission 
product inventory and decay heat load as a function of time after shutdown. 
 Chapter 2 includes background information related to this thesis work, including basic 
concepts related to NTRs, the history of US NTR programs, a description of NTR subsystems, 
and information concerning tungsten cermet fuels. Chapter 3 describes the nuclear thermal rocket 
reactor design analysis and Chapter 4 presents the subsequent risk assessment. Chapter 5 
summarizes the thesis and Chapter 6 provides suggestions for future work. 
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A = nozzle exit area 
Cf = thrust coefficient 
F = force or thrust 
g0  = standard gravitational acceleration 
Isp = specific impulse 
k = neutron multiplication factor  
   = mass flow rate 
m0 = initial mass of rocket including propellant 
m1 = mass that reaches the final velocity 
Mprop= molar mass of hydrogen propellant 
Tm = bulk fluid temperature (propellant temperature) 
Δv = maximum change of speed for the rocket 
 
 Past designs and subsequent testing of nuclear thermal rocket engines is well documented 
(Finseth, 1991; Angelo and Buden, 1985; Corliss, 1971). National Aeronautics and Space 
Administration and the Department of Energy completed a large amount of work on nuclear 
thermal rockets in the 1960s and the lessons learned can help to guide today's designs. Nuclear 
thermal rockets consist of several components, including the reactor core, a neutron reflector, one 
or more control systems, the rocket propellant and heat removal system, and a radiation shield. 
Section 2.1 discusses the basics of a nuclear thermal rocket design. Section 2.2 details the history 
of the US NTR programs. Section 2.3 describes the individual system components, followed by 
Section 2.4 which describes the tungsten uranium cermet fuel being developed at the Center for 




2.1. Nuclear Thermal Rocket Basics 
 The working process of a nuclear thermal rocket is relatively straightforward and can be 
described as a monopropellant liquid rocket system (Borowski, 1991). A nuclear thermal rocket 
relies on a nuclear reactor heating hydrogen gas that exits a nozzle and expands to provide thrust 
(Corliss, 1971).  
 All rockets operate on Newton's Third Law of motion that "every action has an equal yet 
opposite reaction" (Corliss, 1971). In rocketry, this action is the expelling of high velocity gas 
molecules either out of a combustion chamber or out of a nuclear reactor and into the rocket's 
nozzle. This causes  pressure to build up inside of the diverging nozzle which requires an 
"opposite" reaction, in this case, a force which pushes the rocket upward (Corliss, 1971). Each 
rocket has a converging-diverging rocket nozzle specially designed for that rocket. This nozzle is 
specifically designed to expand the heated hydrogen gas as it exits the reactor to provide thrust to 
the rocket (Angelo and Buden, 1985). 
 The only difference between a chemical rocket and a nuclear rocket is how the gas 
molecules reach the required high velocities. A chemical rocket employs a combustion chamber, 
in which the propellants undergo a combustion reaction, resulting in highly energetic molecules 
(Corliss, 1971). In an NTR, no combustion reaction takes place. Instead, fission in a reactor core 
heats a reactor fuel to high temperatures. A propellant (typically liquid hydrogen (LH2)) flows 
through coolant channels in the reactor core. The propellant carries away the heat from the fuel 
and exits the reactor at high temperatures (>2000 K). After leaving the reactor, the hot gas enters 
into a converging-diverging rocket nozzle. Figure 2.1 provides a simple schematic of an NTR and 
its major components. Liquid hydrogen tanks situated above the reactor provide the working fluid 




Figure 2.1. Simple schematic of the relative location of all subsystems in the NTR. 
 Figure 2.1 also illustrates the notable subsystems of a NTR system, which are described in 
detail in Section 2.3. The liquid hydrogen tanks are situated above the reactor and provide liquid 
hydrogen to the reactor which first flows down the rocket nozzle and then upward through the 
neutron reflector to cool both the rocket nozzle and the reflector. The now gaseous hydrogen 
enters the top of the reactor core where it enters the coolant channels in the core and flows 
downward to exit the bottom of the reactor and enters the rocket nozzle. Other subsystems include 
the pressure vessel (typically constructed from an aluminum alloy) that surrounds the core, 
reflector, and shield in order to keep the system pressurized, and the rocket payload which is 
situated at the top of the rocket and contains the cargo that will be delivered to low earth orbit 



















 The rocket equation, which relates specific impulse (ISP) to the temperature of the gas 
before it enters the nozzle's throat (T) and the molecular mass of the exhaust gas (M) (Corliss, 
1971), illustrates the potential advantages of nuclear thermal rockets (Angelo and Buden, 1985): 
     
 
  
              (2.1) 
 Specific impulse is a rocket performance measurement which considers the thrust with 
respect to the amount of propellant used per unit time (Angelo and Buden, 1985). A higher 
specific impulse signifies a lower mass flow rate for a certain amount of thrust. A lower mass 
flow rate means less propellant will be consumed by the rocket during operation, thus resulting in 
a decreased amount of propellant needed. This implies a lower mass of propellant at launch 
therefore reducing the total launch mass. From Equation 2.1, specific impulse is proportional to 
the square root of the chamber temperature and inversely proportional to the square root of the 
propellant's molecular mass. Hydrogen has the lowest possible molecular mass of any propellant, 
making it the preferred propellant for NTR applications (Houts et al., 2012). 
 The gas temperature and choice of propellant control the specific impulse of the rocket. 
Most chemical rockets reach gas temperatures of above 3000 K, while a nuclear reactor is limited 
by fuel choice to temperatures near 3000 K (Corliss, 1971). The propellant of a chemical rocket is 
usually limited to a minimum molecular mass of 18, due to the necessity of a combustion reaction 
producing water; however, because a nuclear reactor does not require combustion, it can use 
hydrogen as a propellant, providing the lowest molecular mass possible. Thus, significant 




 The advantage of an increase in a rocket's specific impulse can be demonstrated most 
clearly with the  Tsiolkovsky rocket equation (Turner, 2009): 
              
  
  
 . (2.2) 
The mass ratio (m1/m0) is an indicator of how efficient the rocket is. An increased mass ratio 
means the amount of hydrogen propellant needed for a certain payload to achieve a given velocity 
change (Δv) will be less. From Equation 2.2, Figure 2.2 shows the mass ratio as a function of 
specific impulse for a velocity change of 10,000 m/s and indicates the normal chemical and 
nuclear thermal rocket specific impulse ranges. A velocity change of 10,000 m/s is a rough 
approximation of the velocity needed to reach low earth orbit from a ground launch (Turner, 
2009). Figure 2.2 illustrates the potential benefits of nuclear thermal rocket technology. The 
launch mass of a chemical rocket is over 90% propellant, whereas an NTR can achieve a payload 
mass fraction of over 30%. 
 
Figure 2.2. Launch mass ratio as a function of specific impulse for a velocity change of 10,000 
m/s. 
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The theoretical thrust of an rocket engine can be calculated using the following equation, (Turner, 
2009): 
               . (2.3) 
Equation 2.3 implies that the mass flow rate controls the amount of propellant needed for a 
specific amount of thrust. 
2.2. History of the US NTR Programs 
 The United States initiated nuclear rocket research in 1955 in an effort to shorten transit 
times for future manned interplanetary missions in order to reduce radiation exposure in the space 
environment (Robbins and Finger, 1991). Unmanned missions can also benefit from a shorter 
time for the vehicle to begin and complete its intended mission. This required an increase in 
rocket performance, as expressed by an increase in the rocket's specific impulse compared to the 
chemical rockets of that time (Robbins and Finger, 1991).  
2.2.1. The Rover Program 
 The first substantial step towards nuclear rocket propulsion research was the initiation of 
Project Rover in 1955 at the Los Alamos Scientific Laboratory (LASL) and the Lawrence 
Livermore Laboratory (LLL), with LASL established as the lead laboratory in 1957 (Finseth, 
1991). Project Rover was originally a joint initiative between the US Air Force (for the non-
nuclear components) and the Atomic Energy Commission (for the reactor components); however, 
with the creation of NASA in 1958, the Air Force relinquished all of its responsibility to NASA 
(Finseth, 1991). Project Rover can be broken into four main segments: KIWI, NERVA, Phoebus, 
and RIFT. The bulk of nuclear rocket technology research and experimentation occurred in the 
1960s during the Nuclear Engine for Rocket Vehicle Application (NERVA) program (Robbins 
and Finger, 1991). 
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 Project Rover targeted the development of a solid core fission reactor rocket that utilized 
hydrogen to cool the reactor and expand through a rocket nozzle to provide thrust (Finseth, 1991; 
International Atomic Energy Agency, 2005). From early in the project, NASA considered it 
necessary to design small reactors that could be clustered together on one rocket to achieve the 
necessary thrust, instead of using one large reactor (Robbins and Finger, 1991). The principal 
research performed at LASL concerned reactor fuel that would operate at high temperatures with 
flowing hydrogen (Robbins and Finger, 1991). This began with the first series of nuclear rocket 
reactor tests, the KIWI series (International Atomic Energy Agency, 2005). The KIWI series of 
non-flyable reactors established basic nuclear rocket reactor technology and demonstrated high 
temperature fuels (Angelo and Buden, 1985).  
  In July of 1961, Aerojet General and Westinghouse Electric Corporation were selected to 
develop the rocket engine and nuclear reactor, respectively (International Atomic Energy Agency, 
2005). This began the NERVA phase of the Rover program. NERVA's primary goal was to 
develop a nuclear rocket engine utilizing the top designs of the KIWI series and to establish a 
technology base for NTR engine systems (Finseth, 1991; Robbins and Finger, 1991). NERVA's 
first test was the NRX-A1 in September of 1964 (International Atomic Energy Agency, 2005). 
The NRX series continued with six iterations until 1967 (Finseth, 1991). The final NERVA 
engine, the XE-prime, was the first down firing prototype nuclear rocket engine and was tested 24 
times from December 1968 to September 1969 (International Atomic Energy Agency, 2005; 
Finseth, 1991). 
 While the NERVA engines were demonstrating the then current NTR technologies, the 
Rover  program built and tested several research reactors to improve fuel and reactor design. The 
first PHOEBUS reactor, PHOEBUS-1A, ran at full power in June of 1965 (International Atomic 
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Energy Agency, 2005). The PHOEBUS reactors were a series of advanced graphite reactors with 
the primary goals of increasing the specific impulse and the power density in the core (Finseth, 
1991). This series included the PHOEBUS-2A, which was the most powerful nuclear rocket 
reactor ever constructed, reaching a peak power level of 4100 MWt (Angelo and Buden, 1985). In 
1968, the PEWEE-1 reactor test evaluated fuel elements and set new records in power density 
(Finseth, 1991; Angelo and Buden, 1985). Finally, the program constructed the Nuclear Furnace 
(NF-1) in 1972 to inexpensively test fuel elements and other core components; the NF-1 reactor 
was not designed as a rocket engine reactor (Finseth, 1991).  
 In July of 1961 the NERVA program initiated the  RIFT (Reactor In-Flight Test) program  
with the goals of designing, producing, and eventually testing an upper stage NERVA-powered 
rocket in-flight (International Atomic Energy Agency, 2005; Finseth, 1991). However, after the 
accidental release of fuel elements from the core during the KIWI B1B and B4A tests, the US 
government reevaluated the NTR program and eventually cancelled RIFT in 1963 (Finseth, 
1991). The US officially cancelled the Rover programs in January 1973 after national priorities 
shifted (International Atomic Energy Agency, 2005). 
 Each series of nuclear rocket reactors tested in the Rover Program advanced the 
understanding of NTR fuels, reactor shielding, or required mass flow rates. The following 
subsection describes each of these tests in more detail. 
2.2.1.1. KIWI Reactors 
 The KIWI-A reactor series was the most primitive of the Rover program reactors and 
established the basic requirements for NTR reactor engine designs. The KIWI-A fuel consisted of 
graphite fuel plates loaded with uncoated UO2 particles. This series used gaseous hydrogen as a 
coolant and consisted of 100 MWt-class reactors (Qualls and Hancock, 2011). Post-operation 
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inspection concluded that thermal stresses in the reactor caused cracking in the support pieces and 
that extreme amounts of corrosion also occurred (Finseth, 1991).  The KIWI-A' improved the now 
cylindrical fuel element design by coating the fuel elements with niobium carbide (Finseth, 1991). 
However, during the third start-up attempt, several structural pieces failed and fuel element 
fragments were ejected out of the rocket nozzle (Finseth, 1991).  
 The 1000 MWt-class KIWI-B series of reactors utilized hexagonal fuel elements (see 
Figure 2.3) consisting of pyrocoated fuel particles in a graphite matrix with coolant channels 
through each hexagonal element (Qualls and Hancock, 2011; Finseth, 1991). This series included 
five operating reactors and several non-fueled reactors to address vibrational problems that 
occurred in the structural elements (International Atomic Energy Agency, 2005). The KIWI-B 
series mainly tested system components, such as the regeneratively-cooled nozzle, the graphite 
reflector cylinder, and a beryllium reflector control system (Finseth, 1991). The KIWI-B4E was 
the only one of the B series of reactors to use uranium carbide (UC2) particles (Qualls and 
Hancock, 2011). The B1A reactor test was interrupted by hydrogen fires resulting from leaking 
hydrogen gas that resulted from the contorting of the pressure vessel (Finseth, 1991). The KIWI-
B1B reactor was the first to use liquid hydrogen as a coolant and from then on all nuclear rocket 
test reactors would use liquid hydrogen (Finseth, 1991). The KIWI-B4A test in 1962 was 
terminated early after the ejection of fuel elements from the core. Post-test examination revealed 
that over 97% of fuel elements in the KIWI-B4A reactor were broken (Finseth, 1991).  
 The KIWI-B4D test in 1964 was the first test to reach design power without core 
vibrations (International Atomic Energy Agency, 2005). Lastly, the KIWI-TNT (Transient 
Nuclear Test) test was specifically designed as a flight safety test and the reactor was purposefully 




Figure 2.3. Isometric and radial cross section views of a typical 19 coolant channel hexagonal 
fuel element similar to those used in the KIWI series of reactors. 
This test measured several reactor characteristics during the power/temperature surge, including 
reactivity, core temperatures, external pressures, and core and reflector motions (Finseth, 1991). 
2.2.1.2. PHOEBUS Reactors 
 After the KIWI-series of reactors, the PHOEBUS reactors were built and tested starting in 
1965 (International Atomic Energy Agency, 2005). The PHOEBUS series was essentially a 
continuation of the KIWI reactors and included a set of advanced graphite reactors which utilized 
hexagonal fuel elements (Qualls and Hancock, 2011). The PHOEBUS-1B was the first rocket 
reactor to use a molybdenum coating on the fuel elements to minimize erosion (Finseth, 1991). 
This series included the PHOEBUS-2A whose fuel elements incorporated uranium carbide (UC2) 
particles in a graphite matrix (Qualls and Hancock, 2011). The PHOEBUS-2A was the most 
powerful nuclear rocket reactor ever built, running for 12 minutes at above 4000 MWt (Angelo 
and Buden, 1985).  









Figure 2.4. The relative sizes of the KIWI-A, KIWI-B, PHOEBUS-1, and PHOEBUS-2 test 
reactor engines along with the corresponding design goals (Finseth, 1991).  
An increase in the fuel's power was achieved after distinct changes in the PHOEBUS-2A's core 
design were implemented, including enlarging the diameter of the coolant channels (Finseth, 
1991). Figure 2.4 illustrates the relative sizes of a few of the previously described KIWI and 
PHOEBUS engines, as well as the specific NASA design goals for each of the reactors shown. 
2.2.1.3. The NERVA Program Reactors 
 In 1964, while the KIWI-B series of reactors were being tested, the NERVA program 
started building and testing the NRX series of reactors (Angelo and Buden, 1985). The NRX 
series utilized hexagonal fuel elements, and demonstrated that the KIWI-B series could be used in 
launch and flight conditions (Qualls and Hancock, 2011). The NRX-A2 reached a peak power of 
1100 MW and resulted in no broken fuel elements (Finseth, 1991). In 1966, the NRX/EST was 
the first complete nuclear rocket test reactor to be operated at 1100 MWt, including all major 
components that would be used in a nuclear thermal rocket (Finseth, 1991). The NRX/EST was 
followed by both the NRX-A5 and NRX-A6 tests. The NRX-A5 operated for nearly 30 minutes 
but resulted in a mass loss in some of the fuel elements (Finseth, 1991). The NRX-A6 exceeded 
its design goals and operated over 60 minutes at 1100 MWt (International Atomic Energy 
16 
 
Agency, 2005). The XE-prime reactor engine, tested under the NERVA program, was the first 
down firing NTR engine (International Atomic Energy Agency, 2005). 
2.2.1.4. PEWEE Reactor 
 The PEWEE-1 rocket engine was constructed in order to evaluate hexagonal graphite fuel 
elements with 19 NbC/ZrC coated coolant channels for short durations at nearly full power 
(Finseth, 1991). In 1968, PEWEE 1 was able to set records for the core power density (2.34 
GW/m
3
) and operating temperatures (2550 K) (Angelo and Buden, 1985). The PEWEE 1 was 
similar in design to the PHOEBUS series but the core included zirconium hydride sleeves to 
enhance moderation and increase the core's reactivity, reducing the reactor's size (Finseth, 1991). 
The PEWEE reactor was solely built as a less expensive means to test fuel elements, there was no 
consideration for maximizing specific impulse (Finseth, 1991). Post-test examination revealed 
that the ZrC coated fuel elements had improved resistance to erosion (Qualls and Hancock, 2011). 
2.2.1.5. Nuclear Furnace Reactor 
 In 1972, the Rover Program constructed the Nuclear Furnace (NF-1) to provide an 
inexpensive method for testing full size elements of advanced NTR fuel (Finseth, 1991). The NF-
1 reactor was never meant to be a reactor rocket engine test. A removable core was a main feature 
of the NF-1 and allowed for less time between tests and helped decrease the cost of testing 
(Finseth, 1991). The core consisted of 49 locations where fuel elements could be inserted for 
testing (Qualls and Hancock, 2011). The NF-1 provided valuable information such as the need to 
match thermal expansion rates on the coating and matrix to reduce cracking and mass loss (Qualls 
and Hancock, 2011).  Table 2.1 lists the key Rover/NERVA reactor tests, including each test's 
reported hydrogen exit temperature, specific impulse, peak power, and the time of operation. 
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Time at Full Power 
(minutes) 
KIWI-B4D 2222 780 914 1 
KIWI-B4E 2389 820 914 82.5 
NRX-A2 >2200 775 1100 3.4 
NRX-A3 >2400 820 1100 16.3 
PHOEBUS-1A 2478 835 1340 10.5 
NRX-A4/EST >2400 820 1100 28.6 
NRX-A5 >2400 820 1100 29.6 
PHOEBUS-1B 2445 828 1340 30 
NRX-A6 2556 847 1100 62.7 
PEWEE-1 2550/2750 845/890 500 43 
XE-PRIME >2400 820 1100 7.8 
NF-1 2450 830 N/A 109 
PHOEBUS-2A 2306 805 4100 12.5 
 
It is important to note that all of the reactors in Table 2.1 used UC2/graphite fuel except for the 
KIWI-B4D which used UO2/Graphite and NF-1 which used a composite fuel (NASA, 1993). 
2.3. Nuclear Thermal Rocket Subsystems 
 A complete nuclear thermal rocket system consists of five necessary subsystems: the 
reactor core, the reflector, a control system, radiation shielding, and a liquid propellant. Since 
most nuclear rockets are fast spectrum reactors, no thermalization of the neutrons is needed and 
no moderator material is included (Glasstone and Sesonke, 1994). The following subsections 
describe each of these subsystems in detail. 
2.3.1. Reactor Core 
 The reactor core contains the fissile fuel. In the core, the fuel elements must be arranged  
in a manner that allows the core to become critical. A critical reactor implies that the neutron 
multiplication factor, k, is equal to 1: 
   
                                                    




 This means that the number of neutrons in the system after one generation is a factor of k 
larger or smaller than in the previous generation (Duderstadt and Hamilton, 1976). The 
arrangement of the fuel elements affects the neutron multiplication factor because it changes the 
amount of neutron leakage from the system The arrangement and packing of the fuel elements is 
crucial for neutronics; however, heat transfer inside of the reactor core must also be considered. In 
a typical NTR reactor, hexagonal fuel elements are placed in a hexagonal lattice arrangement A 
hexagonal packing arrangement allows for the largest number of fuel rods in a given area. The 
fuel elements are arranged to form as close to a cylindrical core as possible. A cylindrical core is 
preferred over a hexagonal prism because the flux in a cylindrical core will be more uniform. 
Figure 2.5 presents a hexagonal prism core next to a core packed to form a roughly cylindrical 
core.  
 Each uranium atom that fissions releases approximately 190 MeV of recoverable energy 
that heats the fuel elements (Lamarsh and Baratta, 2001). Coolant channels placed into the fuel 
elements remove heat from the fuel elements and to ensure melting does not occur. These coolant 
channels are generally placed vertically (length-wise) through the fuel elements. The incoming 
propellant can then cool the fuel and the propellant can also achieve the exit temperatures it needs 
to produce the desired thrust for the rocket. 
2.3.2. Neutron Reflector 
 Many nuclear reactors use reflectors to improve the neutron economy of the system and 
reduce the critical mass of the core (Angelo and Buden, 1985). Reflectors consist of materials 
with low absorption and high scattering cross-sections that scatter a fraction of the neutrons in the 
reflecting material back into the system, preventing the neutrons from leaking from the system 
(Duderstadt and Hamilton, 1976). Reflectors are generally made of either graphite, beryllium, or 
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beryllium oxide. Reflectors can also flatten the flux profile and therefore flatten the power 
distribution inside of the reactor core (Duderstadt and Hamilton, 1976). 
 The thickness of the reflector can change the neutron population in the core significantly 
enough that the number of fuel elements needed to reach criticality is lessened. However, because 
neutronics is almost always in competition with thermal hydraulics, there should be a balance 
between fuel length needed for thermal hydraulics, the number of fuel elements needed for 
criticality, and the reflector size. A nuclear thermal rocket can include both axial and radial 
reflectors. The use of a radial reflector is generally independent of the length of the reactor core, 
as radial leakage is usually significant from the compact cores used in nuclear thermal rockets; 
however, use of an axial reflector is highly dependent on the length of the core, as leakage from 
the top and bottom of the core may not be significant. 
 The thickness of the reflector can change the neutron population in the core significantly 
enough that the number of fuel elements needed to reach criticality can be lessened. However, 
because neutronics is almost always in competition with thermal hydraulics, there should be a 
balance between fuel length needed for thermal hydraulics, the number of fuel elements needed 
for criticality, and the reflector size. A nuclear thermal rocket can include both axial and radial 
reflectors. The use of a radial reflector is generally independent of the length of the reactor core, 
as radial leakage is usually significant from the compact cores used in nuclear thermal rockets; 
however, use of an axial reflector is highly dependent on the length of the core, as leakage from 
the top and bottom of the core may not be significant. In a previous study, beryllium oxide and 





Figure 2.5. Possible arrangements of fuel elements in an NTR reactor core. 
This same study found that a slightly thicker reflector (less than half an inch) was needed when 
using beryllium compared to beryllium oxide (Allen, 1962); however, when reactor weight was 
compared, the beryllium reflector weighed nearly 45 kilograms less than equivalent beryllium 
oxide and graphite reflectors (Allen, 1962). 
2.3.3. Control System 
 A control system typically consists of either the insertion of absorbing material into the 
reactor or the manipulation of the reactor's geometry to increase neutron leakage in order to 
"control" the neutron economy of the system (Duderstadt and Hamilton, 1976). Controlling the 
reactivity of the core allows for the manipulation of the core's power level. The majority of 
reactors, terrestrial and space, employ control rods or drums to control the criticality of the 
reactor. Control drums contain neutron absorbing material that can rotate away from the core to 
increase the overall reactivity in the core (Angelo and Buden, 1985).  
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 A nuclear reactor intended for space application should be as lightweight and compact as 
possible and must be remotely controllable from large distances. The most practical way of 
controlling a space nuclear reactor is by manipulating its reflectors (Craft and King, 2011). There 
have been several schemes proposed for manipulating the reflector in order to either let neutrons 
leak from the system or be absorbed by a high cross-section absorbing material such as boron or 
gadolinium. These schemes include control drums, control slats, control shutters, and control 
petals (Craft and King, 2011). Control drums are the most common reactor control scheme used 
in space reactors (Craft and King, 2011). 
 Typically, control drums are located inside the reflector. Each control drum consists of a 
cylinder of reflecting material, typically the same material as the main reflecting material, along 
with a segment of absorbing material (see Figure 2.6). 
 
Figure 2.6. Radial cross-section of a typical nuclear thermal rocket core with eight control drums 
in the operating position. 
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 The control drums are rotated in order to change the position of the absorber segment, thus 
changing the amount of neutron leakage from the core and altering core's reactivity (Angelo and 
Buden, 1985). Figure 2.6 shows a shutdown NTR core with eight control drums in the least 
reactive position.  
 The slat system also utilizes a highly absorbing material. In this scheme, a thin sheet of 
absorbing material is inserted between the core and reflector to decrease the neutron population 
(Craft and King, 2011). However, not all control schemes use a neutron poison. The shutter and 
petal systems use reflector manipulation to slide or twist the reflector open and allow for the 
neutrons to simply leave the system (Craft and King, 2011). 
2.3.4. Rocket Propellant and Heat Removal 
 A nuclear thermal rocket does not typically include energy conversion. The nuclear 
reactor simply heats the propellant, which exits the rocket nozzle and provides thrust. The choice 
of propellant in chemical rockets is normally complicated, as liquid propellants are chosen based 
on the chemical reactions they experience when in contact with either a solid catalyst or liquid 
oxidizer (Sutton, 2006). Choosing a propellant for an NTR is much simpler, as the propellant is 
simply being heated. As discussed in Section 2.1, most NTR designs use hydrogen as the primary 
propellant. 
 The hydrogen is stored as a liquid in cryogenic tanks in order to increase the amount of 
hydrogen that can be stored on the rocket (Angelo and Buden, 1985). Figure 2.7 illustrates the 
flow of hydrogen through a nuclear thermal rocket. The flow of the hydrogen starts from the 
liquid hydrogen tanks above the reactor and eventually the flow of hydrogen exits the reactor and 
enters the converging-diverging rocket nozzle at high temperatures. Power to the turbopump (a 
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component used to pressurize the hydrogen) is achieved by bleeding off a portion of the 
propellant flow using the hot bleed cycle (Aerojet-General Corporation, 1963). The majority of 
the propellant will flow through the coolant channels in the reactor (Angelo and Buden, 1985). 
 In the hot bleed cycle, hydrogen is pressurized by the turbopump. The hydrogen then 
flows to the rocket nozzle where it passes through the cooling channels in the nozzle. From the 
nozzle the hydrogen then flows through the reflector. While passing through the reflector, the 
hydrogen both cools the reflector and is preheated for entry into the top of the reactor core. The 
hydrogen is pushed out of the coolant channels in the reflector and into the top plenum before 
being forced through the coolant channels in the reactor core (Aerojet-General Corporation, 
1963).  
 
Figure 2.7. Flow of hydrogen inside of a nuclear thermal rocket. 
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Figure 2.7 illustrates that the hydrogen the flows down through the coolant channels in the reactor 
core. At the bottom of the core, approximately five percent of the hydrogen is redirected upward 
to a turbine to power the turbopump. 
2.3.5. Radiation Shield 
 As is the case with all nuclear fission power systems, the NTR reactor will emit high 
amounts of radiation, including penetrating gamma rays and neutrons. These particles have the 
ability to damage onboard electronic equipment and the rocket's payload (Angelo and Buden, 
1985). There are two ways to minimize the effects of radiation damage in this scenario: distance 
and shielding (Turner, 2007). By increasing the distance between the reactor and the 
instruments/payload, the amount of radiation that is able to reach the instruments/payload is 
decreased by a factor of one over the distance squared (Duderstadt and Hamilton, 1976). 
Shielding lessens the amount of radiation that is able to travel to the area of concern. Shielding 
can decrease the radiation dose levels significantly but this must be balanced by the amount of 
payload mass traded for the shielding (Turner, 2007). 
 Gamma rays can be attenuated with dense, high atomic number materials, i.e. tungsten, 
lead, and/or depleted uranium (Turner, 2007). Neutrons can be slowed down by low atomic 
number materials and absorbed by materials with high neutron absorption cross sections 
(Duderstadt and Hamilton, 1976). In order to slow down neutrons, materials with low atomic 
numbers (the hydrogen in water and metal hydrides) are used so that the neutrons can elastically 
collide with small atoms, causing the neutrons to lose a significant amounts of energy (Krane, 
1988). Once the neutrons are slowed, they become easier to absorb in high absorption cross-
sections materials such as boron. Lithium hydride is an efficient neutron shield because of 
hydrogen's ability to thermalize a neutron and lithium's ability to absorb neutrons. 
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 Typically, a shield is placed directly above the reactor and consists of a layer of tungsten 
and a layer of lithium hydride (Angelo and Buden, 1985). The majority of the radiation would 
only exist when the reactor is in operation (less than 15 minutes). Subsequently, after operation, 
the decay of fission products in the core will continue; however, the production rate is 
substantially less than that during operation and the radiation will consist almost entirely of 
gamma rays. 
 The radiation-induced heating of the liquid hydrogen in the propellant storage tanks 
situated above the reactor is another consideration. This happens when neutrons leaving the 
reactor enter the tank and collide with the hydrogen molecules in the tank. This can prove to be an 
advantage as the liquid hydrogen (while it is still in storage) acts as a neutron shield for the 
neutrons that made it past the primary shield.  
 All of these subsystems work together to ensure that the hydrogen is heated to the design 
temperatures and then flows through the converging-diverging nozzle to provide thrust. These 
propellant temperatures were constrained by fuel temperature limitations during the Rover 
program; however, the development of the new W-UO2/UN cermet fuels described in the next 
section makes higher propellant temperatures possible.  
2.4. Tungsten Cermet Fuels 
 During the Rover/NERVA programs, the test reactors such as the Phoebus, PEWEE, and 
KIWI-B used hexagonal fuel elements which contained uranium carbide (UC2) particles dispersed 
into a graphite matrix (Qualls and Hancock, 2011). Although this fuel form had benefits such as 
high strength and a high melting temperature, the graphite matrix was too rigid and the NRX-A4 
fuel elements fractured under the high stress environment of the reactor core (Webb and Charit, 
2010; Qualls and Hancock, 2011). The Phoebus-2A post-test measurements revealed that the fuel 
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experienced a mass loss of approximately 10 grams per fuel element (Qualls and Hancock, 2011). 
This meant that fission products produced in the reactor were not being completely contained 
inside of the fuel. 
 With the recent resurgence of research into nuclear thermal rocket technology at the 
Center for Space Nuclear Research (CSNR), new NTR fuel types are being considered (Howe and 
O'Brien, 2010). The primary NTR fuel being examined at the CSNR is a tungsten cermet fuel. A 
cermet consists of ceramic particles distributed throughout a metallic matrix. The CSNR fuel 
consists of ceramic UN or UO2 particles dispersed inside of a tungsten metal matrix. This cermet 
fuel will take the same shape as that used in the PEWEE test reactor (a long hexagonal prism). 
Tungsten is used as the matrix material because of its high melting temperature (3420º C), ductile 
properties at high temperatures, high strength, and high thermal conductivity (Webb and Charit, 
2010). High matrix melting temperatures will allow for increased fuel centerline temperatures, 
which will ensure increased hydrogen exit temperatures, increasing the rocket's specific impulse. 
Tungsten cermet fuels are also compatible with high-temperature hydrogen gas (Craft et al., 
2012). A high thermal conductivity fuel is vital to allow the hydrogen propellant to successfully 
remove the heat from the fuel. Another advantage of the tungsten matrix is that tungsten shields 
gamma radiation and the matrix should retain all of the released fission products (Howe and 
O'Brien, 2010). The NTR core at the launch pad prior to operation would be no more radioactive 
than uranium itself is (i.e. no fission products are present) (Howe and O'Brien, 2010).  
 The Center for Space Nuclear Research is currently studying production methods for W-
UN/UO2 cermet fuels. The spark plasma sintering (SPS) furnace at Idaho National Laboratory 
produces fuel elements (see Figure 2.8) with nearly theoretical densities (Howe and O'Brien, 
2010). The SPS process involves passing an electric current through a powder, heating the 
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powder, and causing consolidation of the material (O'Brien et al., 2009).  The spark plasma 
sintering  method also reduces grain growth that would typically occur if the cermets were 
produced using the normal hot isostatic pressing method of sintering (O'Brien et al., 2009). Grain 
growth in the cermet has proven to be detrimental to the fuel because the formation of pores on 
the faces of grains leads to lower densification (O'Brien et al, 2009). The Center for Space 
Nuclear Research is currently producing fuel elements with CeO2 as a surrogate for UO2. 
 A second aspect of fuel design is the choice of ceramic uranium to be used: UN or UO2. 
Due to restrictions on mass for any type of space reactor, uranium nitride's higher uranium fuel 
loading makes UN a sensible choice. However, even with UN's increased fuel loading, UO2 has 
been more widely used. UO2's satisfactory performance in high radiation environments has been 
well documented (Matthews et al., 1988). 
 
Figure 2.8. Photos of a W-CeO2 cermets produced by spark plasma sintering at the Center for 
Space Nuclear Research (Howe and O'Brien, 2010). 
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 The mentioned safety qualities of the W-UO2/UN cermet fuels may prove to be beneficial 
to future developments in nuclear thermal rockets. The next section examines prior research into 
NTR safety. 
2.5. Prior Research on NTR Safety 
 Prior work has considered several aspects of nuclear rocket safety, including 
computational models of radiation dose surrounding a PHOEBUS engine (Courtney et al., 1992) 
and the use of spectral shift absorbers to ensure subcriticality of a submerged nuclear reactor 
(King and El-Genk, 2005). The following sections will outline previous radiation measurements 
on Rover program tested reactors, a computational model for estimating the dose emitted from 
NTRs, and the use of spectral shift absorbers to ensure the submersion safety of fast spectrum 
reactors.  
2.5.1. Radiation Measurements for Several Reactors 
 The external gamma radiation produced by the KIWI, PHOEBUS, and PEWEE reactors 
was measured and extensively documented (Malenfant, 1972). This documentation gives insight 
on the variation of dose levels at different distances from the core, and the effects of shielding on 
these levels, as well as identifying leaks in the core by means of the observation of variations in 
the radiation field (Malenfant, 1972). At the time these engines were tested, measured radiation 
fields were repeatedly near the predicted values (excluding PHOEBUS-2A when calculation 
problems arose from assuming capture gammas produced outside of the reactor core were of 
greater importance than in actuality) (Malenfant, 1972). The conclusion that the estimates of 
radiation dose rate could be trusted allowed the engine power levels to increase (Malenfant, 
1972). Dose rates were measured at different locations during the PHOEBUS-1B test. 
PHOEBUS-1B was the first reactor to be tested inside of a shield (Malenfant, 1972); therefore, 
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the measured dose rates give insight as to how well the shield worked. The 19 inch thick shield 
consisted of aluminum plates, borated water, and steel balls (Malenfant, 1972). At locations just 
outside the reactor's pressure vessel, the measured dose rates were on the order of 10
2
 rad/MW-s 
compared to outside of the shield where the dose rate dropped to approximately 5 rad/MW-s 
(Malenfant, 1972). A primary conclusion from these tests was that the radiation dose rates 
produced by activated species is a significant concern and at times can equal the radiation dose 
rates produced by the reactor fission products (Malenfant, 1972). 
2.5.2. Computational Estimates of Radiation Dose 
 In 1992 the Nuclear Science Center at Louisiana State University produced computational 
estimates of the radiation environment surrounding an NTR (Courtney et al., 1992). That study 
utilized a radiation transport code to track both gamma and neutron radiation from a PHOEBUS 
series nuclear reactor rocket engine (Courtney et al., 1992). At the time, NTRs were expected to 
be an upper rocket stage that would be employed only in the vacuum of space; however, the work 
predicted radiation doses for an actual ground test of the NTR  prior to launch (Courtney et al., 
1992). Also, a ground test would result in increased radiation levels compared to in-space 
operation as a consequence of the reflection of neutrons off of the ground and the activation of the 
materials present around the test. The engine model used in the study was similar to a PHOEBUS 
series engine and included a small shield consisting of a boron/aluminum mixture situated inside 
the pressure vessel in order to protect the engine components above the reactor (Courtney et al, 
1992). A disk shield outside of the pressure vessel consisting of borated graphite, lithium hydride, 
and tungsten reduced the dose to the crew and the instruments (Courtney et al., 1992).  
 The predicted equivalent dose rates less than 50 cm from the rocket engine ranged from 
3.16x10
-3
 rem/KW-s (near the nozzle end) to 3.16 rem/KW-s (near the reactor) (Courtney et al., 
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1992). The work also considered the effects of nuclear heating from prompt fission and secondary 
gammas (excluding both activation and fission products). The study determined that the predicted 
heating rates were most significant in the pressure vessel walls where they reached a maximum of 
18.31 μW/cm
3
. Heating was also significant in the internal boron/aluminum shielding and in the 
tungsten disk shields which had predicted centerline heating rates of 10.60 μW/cm
3





respectively (Courtney et al., 1992).  
 The predicted heating rates indicated that nuclear heating can place constraints on the 
power levels and operating times of an NTR reactor (Courtney et al., 1992). The study also 
estimated the post-shutdown gamma ray dose equivalent rates and predicted the radionuclide 
inventory after ten minutes of reactor operation using the ORIGEN-S program. It is important to 
know the radionuclide inventory of an NTR core after operation in order to quantify post 
shutdown decay heating inside the core and to identify isotopes of environmental health and 
safety concerns in the core. Understanding the radiation fields around an operating NTR is also 
needed in order to choose materials and engine component configuration to better withstand the 
resulting high radiation environment.  
2.5.3. Spectral Shift Absorbers 
 In the event of a launch abort scenario which results in an NTR engine returning to the 
surface and landing in a body of water, with subsequent flooding of the reactor, the shift in the 
reactor's energy spectrum from fast towards thermal will result in a substantial increase of the 
fission cross section of the fissile fuel. This increase could lead to the core to becoming critical 
after the launch abort.  
 Prior research efforts provide methods to mitigate this problem. Work done by King and 
El-Genk (2005) suggests the inclusion of materials known as spectral shift absorbers (SSAs) in 
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the reactor core to suppress the neutron multiplication factor in submersion cases for fast-
spectrum space reactors. These SSAs would have a relatively low absorption cross section in the 
fast energy spectrum but have much higher epithermal and thermal cross sections. If the reactor 
becomes submerged, these higher cross sections would cause a large loss of neutrons in the 
system, thus reducing the reactivity of the reactor  (King and El-Genk, 2005). King and El-Genk 
(2005) recommended nine SSAs for use in space reactors: boron-10, natural cadmium, cadmium-
113, europium-151, natural gadolinium, gadolinium-155, gadolinium-157, natural iridium, and 
samarium-149. Gadolinium oxide has been added to some nuclear fuels in the past and data, 
although sparse, concerning its affect on material properties are available (Novikov et al., 2003). 
Craft et al. (2012) determined that rhenium alloyed into the tungsten matrix material could act as 
an effective SSA. The resulting submersion data demonstrated that reactors with W-UO2 fuels 
containing greater than 25 at% rhenium demonstrated a "reactivity inversion", where the neutron 
multiplication factor for the submerged reactor was lower than that of the non-submerged reactor 
(Craft et al., 2012). 
 The next chapter describes the nuclear thermal rocket reactor design analysis beginning 
with a thermal hydraulic model to determine a NTR core length based on specific impulse. The 
core design will be modified according to the NTR cores behavior in a submersion accident which 
is modeled using MCNP5.  
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CHAPTER 3  
DESIGN AND ANALYSIS OF A SINGLE STAGE TO ORBIT NUCLEAR THERMAL 
ROCKET REACTOR ENGINE 
 








 Recent advances in the development of high power density fuel materials have renewed 
interest in nuclear thermal rockets (NTRs) as a viable propulsion technology for future space 
exploration. This paper describes the design of three NTR reactor engines designed for the single 
stage to orbit launch of payloads from 1-15 metric tons. Thermal hydraulic and rocket engine 
analyses indicate that the proposed rocket engines are able to reach specific impulses in excess of 800 
seconds. Neutronics analyses performed using MCNP5 demonstrate that the hot excess reactivity, 
shutdown margin, and submersion criticality requirements are satisfied for each NTR reactor. 
The reactors each consist of a 40 cm diameter core packed with hexagonal tungsten cermet fuel 
elements. The core is surrounded by radial and axial beryllium reflectors and eight boron carbide 
control drums. The 40 cm long reactor meets the submersion criticality requirements with no 
further modifications. The 80 and 120 cm reactors include small amounts of gadolinium nitride as 
a spectral shift absorber to keep them subcritical upon submersion in seawater or wet sand 
following a launch abort.  
Nomenclature 
Latin Symbols 
AC,IC= coolant channel area 
AF,IC = fuel equivalent area 
AT,IC= total unit cell area 
                                               
1 Graduate student and advisor, respectively. Colorado School of Mines, Nuclear Science and Engineering Program,  
2 Primary researcher and author. 
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Cp = specific heat capacity 
DIC = coolant channel inner diameter 
DF = diameter of fuel in simple annulus model 
F = force or thrust 
g0  = standard gravitational acceleration 
h = convective heat transfer coefficient 
Isp = specific impulse 
k = thermal conductivity of fuel  
L = length of core 
Le = extrapolated length 
   = mass flow rate 
m0 = initial mass of rocket including propellant 
m1 = mass that reaches the final velocity 
Mprop= molar mass of hydrogen propellant 
P = pitch 
  
  = linear power 
R = universal gas constant 
RF = outer coolant channel radius 
RIC = inner coolant channel radius 
Re = Reynold's number 
Tin = propellant inlet temperature  
Tout = propellant outlet temperature 
Tm = bulk fluid temperature (propellant temperature) 
Tmax = maximum temperature of fuel 
TW = coolant wall temperature 
Δv = velocity change 
 
Greek Symbols 
α = linear expansion coefficient 
γ = ratio of specific heats of hydrogen 
μ = dynamic viscosity 
ρ = density 
 
3.1 Introduction  
 The future of manned space exploration is dependent on decreasing launch costs relative 
to modern day chemically-fueled rockets. A rocket with an increased specific impulse compared 
to current technologies could make this possible by greatly reducing the mass of the propellant 
36 
 
required to place a given payload in orbit, and potentially decreasing the cost of launching 
material from the Earth's surface.  
 Specific impulse is directly related to the exhaust temperature of the rocket and the 
molecular weight of the propellant (Corliss, 1971). Increased specific impulse allows nuclear 
rockets to use less propellant than chemical rockets, thus improving the thrust to weight ratio of 
the vehicle. Nuclear thermal rockets using hydrogen propellant, with coolant exit temperatures of 
near 3000 K, are capable of significantly higher specific impulses than conventional chemical 
rockets (Corliss, 1971). 
 More than forty years after the National Aeronautics and Space Administration (NASA) 
and the Atomic Energy Commission (AEC) cancelled the Rover and NERVA programs in 1972 
(Robbins and Finger, 1991), research into nuclear thermal rockets (NTRs) has resumed. 
Currently, work is underway at the Center for Space Nuclear Research (CSNR) in Idaho Falls, 
Idaho to develop and produce a new type of NTR fuel. The proposed tungsten cermet fuels 
employ a tungsten (metal) matrix with a ceramic uranium fuel (either UO2 or UN) distributed 
throughout the matrix (O'Brien et al., 2009). The metallic properties of tungsten allow for 
ductility and high strengths at elevated temperatures as well as good thermal conductivity (Webb 
and Charit, 2010). These material properties may allow the fuel elements to reach higher power 
densities than previous NTR fuels (Howe and O'Brien, 2010). Some of the most significant 
benefits of tungsten cermet fuels are those related with the safety of the NTR. Tungsten 
effectively shields gamma radiation and therefore reduces the intensity of the gamma rays 
escaping the reactor (Craft et al., 2012). Tungsten cermet fuels are also compatible with high-
temperature hydrogen gas (Craft et al., 2012); and, unlike the previous reactor fuel elements, the 
fuel channels would not need to be coated with another material that is compatible with hydrogen. 
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 The working process of a nuclear thermal rocket is relatively straightforward and can be 
described as a monopropellant liquid rocket system (Borowski, 1991). A nuclear thermal rocket 
relies on a nuclear reactor heating hydrogen gas that exits a nozzle and expands to provide thrust 
(Corliss, 1971). This is done by expelling high velocity gas molecules out of a nuclear reactor and 
into the rocket's nozzle. This causes pressure to build up inside of the diverging nozzle which 
requires an "opposite" reaction, in this case, a force which pushes the rocket upward (Corliss, 
1971). Each rocket has a converging-diverging rocket nozzle specially designed for that rocket. 
This nozzle is specifically designed to expand the heated hydrogen gas as it exits the reactor to 
provide thrust to the rocket (Angelo and Buden, 1985). 
 The only difference between a chemical rocket and a nuclear rocket is how the gas 
molecules reach the required high velocities. A chemical rocket employs a combustion chamber, 
in which the propellants undergo a combustion reaction, resulting in highly energetic molecules 
(Corliss, 1971). In NTRs, no combustion reaction takes place. Instead, fission in a reactor core 
heats a reactor fuel to high temperatures The liquid hydrogen propellant is stored cryogenically in 
the propellant tanks of the rocket. After leaving the tanks at ~20 K, the hydrogen flows to the 
rocket nozzle. The rocket nozzle contains regenerative cooling channels which the propellant 
travels through to cool the rocket nozzle. The propellant then goes through coolant channels in the 
radial beryllium reflector where it also acts as a coolant. As the hydrogen propellant flows 
through the nozzle and reflector, it gains heat from these systems, heating it well above 100 K 
when it reaches the entrance to the reactor (Angelo and Buden, 1985). The chamber pressure for 
the rocket is reliant on the size of the nozzle throat and flow rate; however, this work does not 
consider a specific nozzle and assumes a chamber pressure of 6 MPa, based on nozzle designs 
from previous work (Labib et al., 2013). 
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 This paper presents a simple thermal-hydraulic model for determining the hydrogen 
exhaust temperatures from a nuclear thermal rocket (NTR) core. The core utilizes tungsten cermet 
fuel elements in order to achieve increased hydrogen exit temperatures compared to those in 
NERVA/Rover NTR tests (Angelo and Buden, 1985). The reactor core geometries determined 
from the heat transfer model are refined using a Monte Carlo N-Particle (MCNP5) (X-5 Monte 
Carlo Team, 2003) model to ensure that the hot excess reactivity, shutdown margin, and 
submersion criticality requirements are satisfied by each NTR reactor. 
3.2 Nuclear Thermal Rocket Thermal Hydraulic Analysis 
 The first stage in the development of a series of varying power NTR reactors is to produce 
a thermal hydraulic model to ensure that the reactor fuel does not reach its melting temperature 
and that the working fluid reaches the desired exit temperature. The fuel in these models is a 
tungsten cermet consisting of 60 vol% W-25Re alloy (tungsten containing 25 wt% rhenium) and 
40 vol% uranium nitride enriched to 97 at% uranium-235. The large amount of matrix material 
provides a relatively high thermal conductivity across the cermet fuel elements.  
 Hydrogen heat transfer and thermodynamic data at 6 MPa were compiled from data 
provided by the National Institute of Standards and Technology (NIST) (Lemmon, McLinden, 
and Friend, 2012). Pressure specific hydrogen data was only available for temperatures up to 
1000 K; therefore, the data is linearly extrapolated to temperatures above 1000 K. The NERVA 
engine design data provided by Aerojet indicates that the pressure drop from the entrance of 
reactor core to the bottom is approximately 0.67 MPa (Aerojet-General Corporation, 1963). 
Figures 3.1 through 3.4 display the values used in the present analyses for the density, dynamic 
viscosity, specific heat capacity, and thermal conductivity, respectively, of hydrogen at a constant 




Figure 3.1. Density of hydrogen as a function of temperature at a constant pressure of 6 MPa (Lemmon, 
McLinden, and Friend, 2012).  
 
Figure 3.2. Dynamic viscosity of hydrogen as a function of temperature at a constant pressure of 6 MPa 
(Lemmon, McLinden, and Friend, 2012).  
 


























































Figure 3.3. Specific heat capacity of hydrogen at constant pressure (6 MPa) as a function of temperature 
(Lemmon, McLinden, and Friend, 2012). 
 
Figure 3.4. Thermal conductivity of hydrogen as a function of temperature at a constant pressure of 6 MPa 
(Lemmon, McLinden, and Friend, 2012).  
































Cp(J/kg/K) = 0.905 *T(K) + 14004.47
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 This work determines the Nusselt number for flowing hydrogen using the Dittus-Boelter 
correlation (Todreas and Kazimi, 2012). The Dittus-Boelter correlation is the most commonly 
used correlation for the heating of ordinary fluids in circular tubes and is valid at the range of 
Prandtl and Reynold's numbers (0.7-100 and  >10,000, respectively) determined at the outlet of 
the NTR reactor (Todreas and Kazimi, 2012). The heat transfer coefficient will change 
significantly throughout the length of the coolant channel due to the change in fluid properties 
caused by the rising temperature in the coolant channels. 
 The heat transfer model for the design of the NTR reactors in this work is derived from the 
simple annulus model suggested by Todreas and Kazimi (2012). The simple annulus model 
reduces the heat transfer within a hexagonal prism fuel element containing nineteen coolant 
channels to one single annular coolant channel with an equivalent surrounding area representing a 
single flow channel within the fuel elements. Table 3.1 summarizes the pitch and coolant 
diameter relationships corresponding to a triangular array for an inverted cell (coolant channel 
surrounded by fuel). Figure 3.5 shows the equivalent simple annulus geometry. 
Table 3.1. Simple annulus model dimensions for the NTR fuel elements considered in this work 
(Todreas and Kazimi, 2012). 
Parameter Equation Value 
Coolant channel inner diameter, DIC (cm) --- 0.28 
Pitch, P (cm) --- 0.43 
Coolant channel area, AC,IC (cm
2
)       




Total unit cell area, AT,IC (cm
2
)       
  
 
   
  0.16 
Fuel equivalent area, AF,IC (cm
2
)               0.09 
Diameter of equivalent fuel, Df (cm)   
     
 
    






Figure 3.5. Simple annulus approximation used in the present work.  
 
 A cosine shape is assumed for the axial linear neutron flux distribution. This implies that 
the axial power distribution is also a cosine if there is a linear relationship between the neutron 
flux and the power in the core. Equation 3.1 illustrates this cosine assumption and is the primary 
equation for developing the temperature distributions of the coolant in the channels of the reactor 
core: 
         
      
  
  
 . (3.1) 
The following equation determines the temperature of the coolant, Tm, along the length of the 
core: 
         
  
   
   









The specific heat of the hydrogen is temperature dependent, which is why Cp remains inside the 
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Substituting this into the left side of Equation 3.2 and integrating yields: 
     
     
 
  
               
     
 
   
                  









Next, integrating the right side and simplifying provides the coolant temperature as a function of 







    
  
  
    
  
   
   
     
 
   
                
     
 
  
             . (3.5) 
The above quadratic equation can be solved for the coolant temperature (Tm) using the quadratic 
formula, to yield: 
    
                               
     
, (3.6) 
where α is expressed as:  






    
  
  
    
  
   
   
     
 
   
              . (3.7) 
Equations 3.6 and 3.7 provide the bulk coolant temperatures at various axial positions inside the 
coolant channel.  
 The maximum temperature within the fuel volume occurs at the outer rim of the annulus 
and must remain below the melting temperature of the fuel. The melting temperature of the 25Re-
W alloy matrix material is approximately 3350 K (Webb and Charit, 2010); however, a design 
requirement for these reactor cores is that the maximum fuel temperature does not exceed 3000 K, 
ensuring that the fuel temperature remains below 90% of the fuel's melting temperature. Utilizing 
the linear power, q', of a fuel element, the temperature rise across the fuel between the bulk 
coolant and the outer edge of the annulus can be determined by implementing a series of thermal 




Figure 3.6. Thermal resistances in the simple annulus model used in the present work. 
 The temperature drop from the edge of the annulus to the coolant channel wall is 
independent of the radius of the fuel: 
          
  
    
 . (3.8)      
The thermal conductivity for tungsten at temperatures above 1500 K is given as (Webb and 
Charit, 2010): 
    
 
   
                          . (3.9) 
The thermal conductivity for rhenium is reported as (Webb and Charit, 2010): 
     
 
   
                            . (3.10) 
The temperature dependent thermal conductivity for uranium nitride fuel is (Ross et al., 1987): 
     
 
   







Based on the three separate thermal conductivity correlations and implementing the rule of 
mixtures, the thermal conductivity for the cermet is based on the volume fractions of the UN and 
W-25Re alloy in the cermet, and the weight percent of rhenium in tungsten: 
           
 
   
                                                              
18.11)+.41.37 0.41.   (3.12) 
The temperature drop between the coolant channel wall and the bulk coolant is dependent on the 
size of the coolant channel and the heat transfer coefficient (h) determined by the Dittus-Boelter 
correlation (Equation 3.1): 
        
  
      
. (3.13) 
 Based on the simple heat transfer model, the mass flow rate and average linear power of a 
given core can be adjusted to produce the desired hydrogen outlet and maximum fuel 
temperatures. An Excel spread sheet divided the coolant channel into 0.5 cm segments and 
determined the linear power at each axial position for a specific mass flow rate based on a cosine 
power distribution with an extrapolation length of z0 = 0.93 cm. From the linear power and the 
temperature dependent thermal conductivities, an iterative one-dimensional process calculated the 
temperature change between the fuel centerline and the coolant based on the simultaneous 
determination of the heat transfer coefficient. Figures 3.7 and 3.8 show the change in the 
maximum fuel and coolant temperatures, respectively, as a function of axial position for several 
mass flow rates in a 2 GW NTR core with an approximate core diameter of 0.4 m and an active 
length of 1.0 m. The figures show how both temperatures are affected by a change in the mass 
flow rate of the hydrogen. Decreasing the mass flow rate provides higher coolant exit 





Figure 3.7. Maximum fuel temperature as a function of axial position for several mass flow rates 




Figure 3.8. Hydrogen temperature as a function of axial position for several mass flow rates in a 
2 GW NTR core with an approximate diameter of 0.4 m and an active length of 1.0 m. 











































































3.3 Nuclear Thermal Rocket Engine Performance Analysis 
 With the thermal-hydraulics model complete, the specific impulse and thrust produced by 
NTR reactors of different geometries can be determined. Evaluating each configuration's ability to 
meet specific impulse and thrust requirements provides the optimal core size to launch different 
payloads into low earth orbit. Preliminary neutronics results indicate that, at 97 at% enrichment 
using uranium nitride, the proposed reactors' optimum critical diameter is approximately 40 cm. 
Thus, a cylindrical reactor core with an approximate core diameter of 40 cm was formed by 
completely filling a 40 cm diameter cylinder with hexagonal tungsten cermet fuel elements 
described in Section 3.2. Areas not able to contain full fuel elements are filled with graphite 
spacers. There are a total of 367 fuel elements in the reactor core. The length of the reactor varies 
between 40 and 120 cm.  
 The specific impulse of each rocket engine is based on the outlet temperature of the 
propellant and the propellant's molecular mass using the following equation (Corliss, 1967): 




    
          
. (3.14) 
Equation 3.14 demonstrates that with an increase in the outlet temperature of the propellant, as 
well as a decrease in the molecular mass of the propellant, a significantly high (> 900 s) specific 
impulse can be achieved.  
 Figure 3.9 illustrates the geometry of the hexagonal tungsten-cermet fuel element used in 
the present analysis. The geometry is identical to the fuel elements used in the KIWI B4 (Aerojet-
General Corporation, 1963). The present analysis considers a range of powers in order to achieve 









Figure 3.10. Reactor power as a function of specific impulse and core length for an approximate 
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 The specific impulses plotted in Figure 3.10 were determined by adjusting the mass flow 
rate of the hydrogen through the coolant channels to allow the maximum fuel temperature to 
reach exactly 3000 K. The outlet temperatures determined in each case were inserted into 
Equation 3.14 to calculate the corresponding specific impulse. Decreasing reactor power and 
increasing the core length increases the specific impulse, as a result of the decrease in linear 
power (q') in Equation 3.6. At the same time, the temperature rise across the fuel also decreases, 
allowing the hydrogen exit temperature to be closer to the 3000 K maximum fuel temperature; 
however, decreasing the reactor power also decreases the thrust provided by the rocket. Figure 
3.11 illustrates the range of thrusts achievable from the same range of reactors shown in Figure 
3.10. 
  
Figure 3.11. Thrust as a function of specific impulse, core length and reactor power for an NTR 
core with an approximate diameter of 0.4 m. 
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 Figures 3.10 and 3.11 show that an approximately 40 cm diameter NTR can provide 
thrusts ranging from less than 100 kN to more than 4000 kN and specific impulses ranging 
between 315 and 930 seconds depending on the reactor length and power. In order to choose an 
optimal reactor size, a mass to orbit and required velocity change must be selected. For a surface 
launch to low earth orbit, the required velocity change (Δv) is 10,000 m/s (Turner, 2009). The 
payload mass to orbit ranges from 1 to 15 metric tons (MT). For purposes of reactor sizing, it is 
assumed that the reactor, support structures, and hydrogen tanks have a total mass of 2 MT. This 
2 MT is added to each payload to yield a total mass to orbit. Using the Tsiolkovsky equation 
(Turner, 2009), the payload mass fraction (the ratio of payload mass to launch mass) can be 
determined for a given specific impulse (Turner, 2009): 
              
  
  
 . (3.15) 
Assuming an upward launch acceleration of 9.8 m/s
2
 for a total acceleration of 19.6 m/s
2
 (2g) the 
thrust needed to deliver a certain payload mass to low earth orbit can be determined for a given 
specific impulse by Newton's second law: 
            
 
  
  . (3.16) 
 Figure 3.12 illustrates the benefit of using a higher specific impulse launch vehicle such as 
a nuclear rocket, compared to conventional chemical rockets. Combining the data in Figures 3.11 
and 3.12 produces Figure 3.13, which provides the data needed to select three reactor core 
configurations for further analysis. A shorter core will reduce the reactor core mass and a lower 





Figure 3.12. Thrust required to place a payload in low earth orbit as a function of specific 
impulse. 
  
Figure 3.13. Thrust produced by an NTR core with an approximate diameter of 0.4 m as a 
function of core length and specific impulse compared with the required thrust for a 2 g launch as 
a function of payload and specific impulse. 
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*Assuming 2 MT for reactor, tankage, and support structure
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 Figure 3.13 displays the thrust required for a range of payloads. In order to meet these 
thrust requirements and have an eligible reactor for a specific payload, the lowest power reactor is 
chosen to reduce the radiation dose from the NTR. When choosing a reactor for a given mission, 
the shortest reactor that is nearest to, but not above the dashed line referring to a payload is 
chosen. In the case of the 7.5 MT mission, the 0.6 m reactor core would be selected. For this case 
the 0.7 m reactor core is also a possible choice; however, the increase in mass of the 0.7 m reactor 
compared to the 0.6 m reactor indicates the 0.6 m reactor is the preferred choice. Based on Figure 
3.13, a 0.4 m reactor is needed for payloads up to 3.5 MT, a 0.8 m reactor is optimal for payloads 
between 3.5 and 10 MT, and a 1.2 m reactor is indicated for payloads between 10 and 15 MT. 
These selections allow for the smallest core mass and potentially smallest dose rates possible for 
each payload.  
 For missions requiring a large amount of thrust, increasing the power levels of the selected 
reactors is preferred over clustering several reactors on an NTR. This is due to the neutron flux 
scaling with power and dose levels being proportional to the neutron flux. For example, 
considering a 0.8 m reactor and a 10 MT payload, either one 5 GW reactor or two 3 GW reactors 
may be used. The resulting rocket will have a neutron flux associated with either 5 GW of power 
(one 5 GW reactor) or 6 GW of power (two 3 GW reactors). Therefore, by increasing the power 
level of the individual reactors, the dose rates around the NTR can be decreased for a given 
mission thrust requirement. 
3.4 Nuclear Thermal Rocket Neutronics Analysis 
 Based on the selected reactor dimensions, a neutronics analysis determined the required 
fuel loading, reflector thickness, and control drum configuration for a given reactor length. The 
Monte Carlo N-Particle (MCNP) transport code version 5 release 1.6 (X-5 Monte Carlo Team, 
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2003) determined the multiplication factor for each NTR core configuration. To use MCNP, the 
user creates an input deck which includes the problem's geometry, materials, and auxiliary data 
(such as source distributions and quantity measurements). This model is described in Section 
3.3.1, followed by the results of the neutronics analysis. 
3.4.1 Nuclear Thermal Rocket Neutronics Model 
 Figures 3.14a and 3.14b present axial and radial views, respectively, of the NTR rocket 
engine model developed in this work. The reactor core model contains the hexagonal fuel 
elements and graphite spacer elements to keep the core circular (Figure 3.14b). Each reactor 
model includes a 12-24 cm thick beryllium radial reflector that extends lengthwise from the top of 
the reactor core to the bottom of a 2-5 cm thick W-25Re support plate (Figure 3.14a). The W-
25Re support plate sits at the bottom of the reactor and can be considered an extension of the 
reactor core where no fuel is present. A 10-22 cm top axial beryllium reflector is in place above 
the reactor core (Figure 3.14a). Control drums are located inside the radial reflector and consist of 
a insert of boron carbide (B4C) with an arc of 120
o
 located on the edge of a rotating beryllium 
control drum (Figure 3.14b). The control drums extend the full length of the radial reflector and 
are sized to be flush with the edge of the reactor core and radial reflector. The top axial beryllium 
reflector also contains hydrogen coolant channels aligned with the fuel coolant channels. A one 
centimeter thick aluminum pressure vessel surrounds the entire reactor. A simple converging-
diverging rocket nozzle made from Inconel alloy is included in the models in order to account for 
any neutron back scatter from the nozzle to the reactor core (Figure 3.14a). There is also a 0.25 
cm thermal expansion gap between the core and the reflector (Figure 3.14b). The criticality 
calculations in this work include 50,000 particles per cycle and a total of 300 cycles (270 active 
and 30 inactive). Table 3.2 lists the materials, and their corresponding compositions and densities, 
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used in the present MCNP model of the NTR. The ENDF/B-VII neutron cross section libraries 
were used throughout the analysis and the delayed neutron fraction is assumed to be 0.007 in all 
cases. 
 The cross sections of many isotopes decrease by several orders of magnitudes as their 
temperature increases. This can result in significant changes in the reactivity of a system. The 
thermal expansion of the materials in the reactor causes a decrease in atomic density which also 
changes the reactivity. The NTR designs in this paper can reach fuel temperatures of 3000 K, 
making the change in reactivity from a cold (298 K) reactor quite substantial.  
 In order to model the change in reactivity as a function of temperature, the cross section 
libraries and densities in the MCNP input files were updated to the values listed in Table 3.3. 
Tables 3.2 and 3.3 do not include the cermet fuel as its composition varies for each reactor. To 
determine the thermal expansion of the fuel material, the changes in the coefficient of thermal 
expansion for tungsten, rhenium, and W-25Re were compared. Figure 3.15 shows the linear 
coefficient of thermal expansion with changing temperature for the metals and uranium nitride. 
 The linear expansion coefficient of uranium nitride as a function of temperature is 
(Obninsk Institute for Nuclear Power and Engineering, 2006): 
   
 
 
                        . (3.17) 
 The thermal expansion coefficient of tungsten as a function of temperature is (Oak Ridge 
National Laboratory, 1998): 
   
 
 
                                   . (3.18) 
and the thermal expansion coefficient of W-25Re as a function of temperature is (ASM 
International, 1999): 
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Table 3.2. Temperatures and densities used in the cold reactor MCNP models. 
Material Temperature (K) Density (g/cm
3
) 
Reactor core   









Reflector   
Beryllium  293 1.85
3
 
Boron carbide (B4C) 293 2.52
3
 




Hydrogen (H2) 293 0.0125
1
 









Hydrogen (H2) 293 0.0125
1
 
 *Fractions given as weight percent. 
 1
 Lemmon, McLinden, and Friend, 2012 
 2
 ASM International, 1999 
 3
 Obninsk Institute for Nuclear Power and Engineering, 2006 
 
4
 Special Metals Corporation, 2004 
 
Table 3.3. Temperatures and densities used for the hot reactor MCNP models. 
Material Temperature (K) Density (g/cm
3
) 
Reactor Core   









Reflector   
Beryllium  900 1.79
3
 
Boron Carbide 900 2.49
3
 




Hydrogen (H2) 293 0.0125
1
 









Hydrogen (H2) 2500 0.0005
1
 
* Fractions given as weight percent. 
1
 Lemmon, McLinden, and Friend, 2012 
2
 ASM International, 1999 
3
 Obninsk Institute for Nuclear Power and Engineering, 2006 
4
 Special Metals Corporation, 2004 
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Based on Figure 3.15, the uranium nitride will thermally expand much more than the W-25Re 
alloy. Since the atom ratio of the fissioning material (uranium-235) to the absorbing material 
(rhenium) should not change with temperature, a mixture rule yielded the estimated linear 
thermal expansion coefficient for the cermet fuel: 
                                  (3.20) 
The results of the neutronics analysis and the design changes needed to meet the operational 
safety requirements are described in the next two sub-sections. 
 
Figure 3.15.  Linear thermal expansion coefficient of tungsten, rhenium, W-25Re and uranium 
nitride as a function of temperature.  
 
















































1 ASM International, 1998.
2 ASM International, 1999.
3 Oak Ridge National Laboratory, 1998.
4 Obninsk Institute for Nuclear Power and Engineering, 2006.
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3.4.2 Nuclear Thermal Rocket Reactor Neutronics Results  
 The reactor length for the three chosen reactors is based on the thrust and specific 
impulse required to place a given mass in low earth orbit. All three reactor designs started with a 
"generic" NTR design containing a 10 cm radial and top axial reflector both made from 
beryllium. In the radial reflector, there are eight control drums which possess a 120
o
 arc with an 
initial thick boron carbide thickness of 1 cm (Figure 3.14b).  
 For each length reactor, the radial and axial reflector were increased until the reactor 
possessed $2 of hot excess reactivity while at the same time having a shutdown margin of at least 
$5. Enrichment was also adjusted up to 97 at% uranium-235. A larger reflector allows for larger 
arcs of B4C and also puts the B4C further away from the reactor when the reactor is in operation, 
thus allowing for a larger reactivity swing. Table 3.4 lists the reflector thicknesses and 
enrichments needed to give the reactors the required reactivities. For the 40 cm reactor, adjusting 
the enrichment and radial reflector thickness was not enough to provide the required hot excess 
reactivity as well as the needed shutdown margin; therefore, the top axial beryllium and bottom 
W-25Re reflectors were also adjusted to meet the reactivity requirements.  
 Figure 3.16 displays the reactivity worth of the axial and radial reflectors as a function of 
thickness for the 40 cm length reactor. The top axial and radial reflectors are beryllium, while the 
bottom axial reflector consists of W-25Re. The reflector worth in Figure 3.16 for the radial 
reflector is determined with a 10 cm top axial reflector and no bottom axial reflector beyond the 
2 cm thick support plate. The top axial reflector worth in Figure 16 is determined with a 20 cm 
radial reflector and no bottom axial reflector. The bottom axial reflector worth in Figure 3.16 is 




Table 3.4. Reactor parameters prior to the submersion analysis. 





























40 cm  24  22  3 97  $5.78  $2.00  -$16.95  
80 cm  11  10  0  96  $7.17  $2.24  -$5.98  
120 cm  10  10  0  92  $6.32  $2.52  -$5.16  
1 
Based on a delayed neutron fraction of 0.007. 
2 
In addition to the 2 cm W-25Re bottom axial support plate. 
 
 
Figure 3.16. Reflector worth as a function of reflector size for the radial, top axial, and bottom 
axial reflectors of the 40 cm reactor. 
 






















Top Axial Reflector (Be)
Bottom Axial Reflector (W-25Re)
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 Figure 3.16 indicates that the 40 cm reactor can reach $2 of hot excess reactivity if all 
three of the reflectors are increased in thickness. With the additional reflector worth provided by 
increasing the radial and top axial reflectors substantially and also by slightly lengthening the W-
25Re support plate at the bottom of the reactor, the 40 cm reactor meets the same reactivity 
requirements as the 80 cm and 120 cm reactors. The geometry selected for the 40 cm reactor 
consists of a 24 cm radial and 22 cm top axial beryllium reflector as well as a 3 cm W-25Re 
bottom axial reflector. To provide the required shutdown margin, the boron carbide absorber 
thickness increased to 1.30 cm. Table 3.4 presents the reflector dimensions, enrichments, and 
resulting reactivities for each of the NTR reactors, prior to submersion criticality testing, which 
is described in the next sub-section. 
3.4.3 Nuclear Thermal Rocket Submersion Criticality Analysis 
 The next step in the design process involves analyzing the reactors while they are 
submerged in seawater, dry sand or wet sand and potentially flooded with seawater. In the case 
of a launch abort, the reactors in a nuclear thermal rocket must be subcritical upon return to the 
earth's surface, and remain subcritical when flooded and/or submerged in seawater or sand. 
Submersion criticality describes the effects that submerging the reactor in water will have on the 
reactor's neutron multiplication factor. When a NTR reactor, which is typically a fast spectrum 
nuclear reactor, is submerged and/or flooded, the neutrons in the system become moderated by 
the water, thus lowering their energy (King and El-Genk, 2005). This shift of the system from a 
fast spectrum towards a thermal spectrum causes an increase in the microscopic absorption 
cross-section, σa, of the materials in the core and reflector (King and El-Genk, 2005). In other 
words, the probability of absorption of a neutron by a fissile uranium atom increases. The 
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increase in the probability of absorption can cause an increase in the multiplication factor of the 
reactor, i.e. an increase in the reactor's reactivity.  
 The use of spectral shift absorbers (SSAs) as a means of decreasing reactivity in a 
submerged space reactor is a well-known technique (King and El-Genk, 2006). A spectral shift 
absorber relies on the previously mentioned fast to thermal neutron energy transition, in which 
the SSA's microscopic cross-section increases by more than of that of the fissile material in the 
core. Previous work demonstrates that the inclusion of SSA materials in a fast spectrum reactor 
core can keep the reactor subcritical upon entry into water or wet sand with subsequent flooding 
of the reactor's coolant channels (King and El-Genk, 2006).  
 Each of the reactor cores in this work include rhenium as part of the cermet matrix alloy 
(W-25Re). Rhenium is a spectral shift absorber and can keep a NTR reactor subcritical upon 
submersion (Craft et al., 2012). Rhenium also improves the material properties of the W-25Re 
alloy, allowing it to be readily incorporated into the NTR as an SSA; however, the limit on 
rhenium content in tungsten fuels is generally set at 25 wt% rhenium, as increasing the rhenium 
content further would lower the melting point of the alloy (Webb and Charit, 2011). 
 In order to determine how the present reactors would behave in a submersion accident, 
several scenarios were modeled in MCNP5 to determine the neutron multiplication factor of the 
submerged reactors. Five different scenarios were considered: submerged in wet sand or 
seawater with the coolant channels flooded, and submerged in seawater, wet sand, or dry sand 
without any flooding of the coolant channels. Seawater was modeled as 3.1 wt% NaCl in water 
with a density of 1.025 g/cm
3
. The wet sand consisted of sand (SiO2; ρ=1.899 g/cm
3
) with a 
packing fraction of 72.1 vol% in water (ρ=2.197 g/cm
3
). The dry sand was sand with the same 
packing fraction but in air. The composition of air used in the model is 22 wt% oxygen and 78 
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wt% nitrogen. When the coolant channels were not flooded, they were filled with air at 25
o
 C 
and 101 kPa. The  MCNP5 models surround the reactor in a sphere of the submersion media and, 
if necessary, filled all the coolant channels with seawater. The radius of the sphere was set to 10 
m, and any addition of submersion media beyond that point has a negligible effect (Craft et al., 
2012). In order to satisfy the submersion safety criteria, the reactors have to remain at least $1 
subcritical in the worst case submersion accident. Each of the submersion case runs included 
50,000 particles per cycle and 270 active and 30 inactive cycles. In each case, the reflectors 
remained attached to the reactor. Table 3.5 presents the initial submersion reactivity results for 
all three reactors. The 80 cm and 120 cm reactors did not meet the submersion safety 
requirement of a $1 shutdown margin when submerged in seawater or wet sand with flooded 
coolant channels. The 40 cm reactor more than meets the submersion safety requirements in all 
scenarios. In order to keep the 80 cm and 120 cm reactors subcritical in every submersion 
scenario, additional SSA was added to the reactor fuel. Gadolinium nitride should be compatible 
with the uranium nitride as gadolinium fuel has been used in oxide form (Gd2O3) in terrestrial 
power reactors as a burnable absorber for over 30 years (International Atomic Energy Agency, 
2005). The SNAP Aerospace Nuclear Safety program investigated four possible isotopes for use 
as an SSA in the SNAP reactor, two of which were gadolinium (gadolinium-155 and 
gadolinium-157) (King and El-Genk, 2005). 















in dry sand 
40 cm -$5.00 -$5.06 -$14.51 -$15.31 -$14.46 
80 cm $2.43 $2.21 -$3.86 -$4.56 -$3.85 
120 cm $0.52 $0.27 -$3.19 -$3.90 -$3.13 
1
Based on a delayed neutron fraction of 0.007. 
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 Gadolinium-157 has the highest thermal absorption cross-section of any stable isotope; 
however, in order to reduce the difficulty and cost required by the enrichment of gadolinium, 
natural gadolinium (which contains 15.65 at% gadolinium-157 and 14.80 at% gadolinium-155) 
in its nitride form (GdN) was included in the reactor fuel material. 
 Gadolinium nitride was added to the MCNP model of the reactor by replacing uranium 
nitride fuel material with natural gadolinium nitride in increments of 0.1 wt% GdN. At the same 
time, the reflector thicknesses and uranium enrichment were increased to counter the resulting 
loss of excess reactivity. This was iterated until the reactor demonstrated both a submerged 
shutdown reactivity margin of $1 and a hot excess reactivity of $2. 
 Table 3.6 lists the final reactor geometries. The final reflector geometry for the 40 cm 
reactor includes a 24 cm radial, a 22 cm top axial, and a 3 cm bottom axial reflectors.  The 80 cm 
reactor requires a 14 cm radial and 10 cm top axial beryllium reflectors. Finally the 120 cm 
reactor requires a 12 cm radial and 10 cm top axial beryllium reflectors. Neither the 80 cm or 
120 cm reactor needed the 2 cm W-25Re bottom axial support plate to be extended for reactivity 
purposes. The boron carbide absorber segment thickness also had to be increased slightly, from 
1.00 cm to 1.25 cm, for the 80 and 120 cm reactors. Table 3.7 lists the final reactivity results 
after adjusting the geometries and fuel compositions to ensure subcriticality.  
Table 3.6. Final reactor geometry, spectral shift absorber content, and enrichment. 









24 cm radial (Be) 
22 cm top axial (Be) 
3 cm axial (W-25Re) 
1.30 0 97 
80 cm 
14 cm radial (Be 
10 cm axial (Be) 
1.25 0.3 97 
120 cm 
12 cm radial (Be) 
10 cm axial (Be) 
1.25 0.6 97 
64 
 
Table 3.7. Neutron multiplication factors for all scenarios for the final NTR reactor designs. 
 
Reactor Length  




Cold Clean Excess $5.78 $5.88 $5.73 
Hot Clean Excess $2.00 $2.30 $2.20 
Shutdown -$16.95 -$10.21 -$8.25 
Submerged Seawater -$15.31 -$9.58 -$7.91 
Submerged Wet Sand -$14.51 -$9.13 -$7.60 
Submerged Dry Sand -$14.46 -$9.08 -$7.50 
Submerged Seawater/ 
Flooded Channels 
-$5.06 -$1.27 -$1.38 
Submerged Wet Sand/ 
Flooded Channels 
-$5.00 -$1.22 -$1.23 
1
Based on a delayed neutron fraction of 0.007. 
 Table 3.7 displays the hot excess reactivity, cold excess reactivity, shutdown margin, and 
submersion criticality for each scenario for each reactor after reconfiguring the reactors' 
geometry, fuel loading, and enrichment levels. All three reactors remain subcritical with at least 
$1 of shutdown margin when submerged in seawater, wet sand, or dry sand, as well as with the 
coolant channels flooded with seawater. For each reactor, the submerged in wet sand with 
flooded coolant channels scenario is the worst case. The dry sand case possesses the smallest 
safety margin of the three non-flooded scenarios. In this case, the increase in reactivity results 
from reflection of neutrons back into the system rather than by thermalization in the system. 
Since dry sand does not thermalize neutrons as well as seawater or wet sand, the SSA properties 
of the rhenium and/or gadolinium are not as significant in the dry sand cases, compared to the 
wet sand and seawater cases.  
 Table 3.8 provides the mass estimates for each reactor in terms of the core, reflector, and 
pressure vessel masses based on the densities listed in Table 3.2. While the reflectors of the 40 
cm NTR reactor are more massive than the other reactors' reflectors, the core mass dominates 
each case and the 40 cm reactor is still the least massive of the three reactors. 
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Table 3.8. Mass estimates for each reactor. 
 
Mass (kg) 
Reactor 40 cm 80 cm 120 cm 
Core 602.1 1204.3 1806.4 
Radial Reflector 354.6 353.9 440.4 
Top Axial Reflector 227.8 59.1 51.6 
Bottom Support plate 83.3 33.3 33.3 
Pressure Vessel 124.5 114.6 119.3 
Total (no nozzle) 1392.3 1765.2 2451.0 
 
The additional length of W-25Re support plate in the 40 cm reactor increases the overall mass by 
50 kg. The beryllium top axial reflector for the 40 cm length reactor is 169 kg heavier than the 
next heaviest axial reflector (in the 80 cm reactor). The pressure vessel masses were nearly the 
same for each of the three reactors. 
3.5 Nuclear Thermal Rocket Design and Analysis Summary and Conclusions 
 This work developed three NTR reactors for a range of payloads between 1 and 15 metric 
tons. The resulting reactors utilize tungsten cermet fuel composed of W-25Re loaded with 40 
vol% uranium nitride fuel enriched to 97 at% uranium-235. Thermal hydraulics calculations 
determine hydrogen propellant temperatures axially along the approximately 40 cm diameter 
reactor core. The outlet hydrogen temperatures provided the specific impulses and thrusts for 
several different reactor lengths and powers. From this, the reactor lengths corresponding to the 
lowest mass and power requirements for a given payload were selected for the neutronics 
analysis. A 40 cm long reactor was chosen for payloads between 1 and 3.5 MT, a 80 cm was 
selected for payloads between 3.5 and 10 MT, and a 120 cm reactor was indicated for payloads 
between 10 and 15 MT. The reactors then had their enrichment and reflector and boron carbide 
thicknesses adjusted until the $2 hot excess reactivity and $5 shutdown margin requirements 
were met. The larger (80 cm and 120 cm) reactors required the addition of up to 0.6 wt% GdN to 
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the UN fuel in order to remain $1 subcritical in all submersion cases. The 40 cm reactor has a 24 
cm radial, a 22 cm top axial, and a 3 cm bottom axial reflector and a B4C thickness of 1.30 cm. 
The 80 cm reactor has a 14 cm radial reflector and a 10 cm top axial reflector and a B4C 
thickness of 1.25 cm. The 120 cm reactor has 12 cm radial reflector and 10 cm top axial reflector 
and a B4C thickness of 1.25 cm. The complete system masses increase with increasing core 
length (1392, 1765, and 2451 kg for the 40, 80, and 120 cm reactors, respectively). The reactors 
described in this work, all with specific impulses in excess of 700 s, could significantly reduce 
the propellant mass needed to place payloads into orbit.  
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INITIAL RISK ASSESSMENT OF A SINGLE STAGE TO ORBIT NUCLEAR THERMAL 
ROCKET 
 










 In order to consider the possibility of a nuclear thermal rocket (NTR) ground launch, it is 
necessary to evaluate the risks from such a launch. This includes analyzing of the radiation dose 
rate around the rocket, determining the rate of activation of the materials near the launch, and 
considering the radionuclides present in the core after the launch. This paper evaluates the 
potential risk of the NTR ground launch of a range of payloads from 1 to 15 metric tons using 
three NTR reactor cores (40, 80, and 120 cm in length) designed in a previous study, based on 
data produced by MCNP5 and MCNPX models. At the same power level, the 40 cm reactor 
results in the lowest radiation dose rate of the three reactors. Radiation dose rates decrease to 
background levels 3.5 km from the launch site. After a one-year decay time, all of the activated 
materials produced by an NTR launch would be classified as Class A low-level waste. The 
activation of air produces significant amounts of argon-41 and nitrogen-16 within 100 m of the 
launch. The derived air concentration, DAC, of the activation products decays to less than unity 
within two days, with only argon-41 remaining. After 10 minutes of full power operation, the 120 
cm core to a 15 MT payload contains 2.5 x 10
13
, 1.4 x 10
12
 and 1.5 x 10
12






Sr, respectively. The decay heat after shutdown increases with increasing reactor power with a 
maximum decay heat of 108 kW immediately after shutdown for the 15 MT payload. 
                                               
3 Graduate student  and advisor, respectively. Colorado School of Mines, Nuclear Science and Engineering Program, 
1500 Illinois Street, Golden, CO 80401. 





Aa = activity of isotope "a" 
     = activity of a given isotope 
  
     = initial activity of a given isotope 
Bq = Becquerel 
C = fitting constant in Equation 5  
Cp = specific heat capacity 
d,D = distance 
D0 = initial dose rate 
D(r) = dose rate as a function of radius 
    
    = average emitted energy for a given isotope 
g  = standard gravitational acceleration 
I = intensity 
I0 = initial intensity 
I1 = intensity at distance 1 
I2 = intensity at distance 2  
Isp = specific impulse 
keff = neutron multiplication factor  
l = thickness 
m = mass of reactor core 
P = power 
Q = heat in core 
Qfiss = fission energy release 
r = radius 
R = activation rate 
Sv = Sieverts 
t = time 
 
Greek Symbols 
Δt = change in temperature 
λa = decay constant of isotope "a" 
λiso = decay constant of a given isotope 
μm = mass attenuation coefficient 
ν = neutrons released per fission 






 A propulsion system with an increased specific impulse compared to current chemical 
rockets could pave the way for the future of space exploration to Mars and beyond. By 
developing a launch vehicle with increased specific impulse, the mass of the propellant required 
to place a given mass in orbit can be greatly reduced, potentially decreasing the cost of launching 
material from the Earth's surface. Nuclear thermal rockets using hydrogen propellant, with 
coolant exit temperatures of near 3000 K, are capable of significantly higher specific impulses, 
and could thus have significantly better payload to launch mass ratios than conventional 
chemical rockets (Corliss, 1971). 
 A previous study considered the design of three NTR reactor engines (Labib and King, 
2014). These reactor designs are based on a thermal hydraulic model that determines the 
necessary reactor length to provide the thrust and specific impulses needed to deliver several 
different mass payloads into low-earth orbit. The reactors each consist of a ~40 cm diameter core 
packed with hexagonal tungsten-rhenium alloy cermet fuel elements (Labib and King, 2014). 
The core is surrounded by radial and axial beryllium reflectors and eight boron carbide control 
drums (Labib and King, 2014). The selected reactors include a 40 cm length reactor for payloads 
between 1 and 3.5 MT, a 80 cm length reactor for payloads between 3.5 and 10 MT, and a 120 
cm length reactor for payloads between 10 and 15 MT (Labib and King, 2014). MCNP5 analyses 
determined the reactors' size, control system, and composition (Labib and King, 2014). The 
resulting reactors possess both $2 of hot clean excess reactivity and a $5 shutdown margin 
(based on an assumed delayed neutron fraction of 0.007).  
 One of the major objections to launching an NTR from the surface is the amount of 
radiation that will be emitted from the NTR and the concurrent activation of materials around the 
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launch site. This study provides an initial estimate of the radiation dose rate at various distances 
from the launch of the three NTRs from a previous paper (Labib and King, 2014) and predicts 
the amount of activation products that will be produced near the launch site. MCNPX estimates 
bound the potential fission product inventory as well as the amount of decay heat produced in the 
core after shutdown. The following section will provide an overview of nuclear thermal rockets 
and the subsequent sections will provide the initial risk assessment of the three previously 
designed reactors. 
4.2 Nuclear Thermal Rockets 
 The working process of a nuclear thermal rocket is relatively straightforward and can be 
described as a monopropellant liquid rocket system (Borowski, 1991). Figure 1 illustrates an 
NTR and its subsystems. A nuclear thermal rocket consists of a nuclear reactor that heats a 
propellant gas (usually hydrogen) that exits a nozzle and expands to provide thrust (Corliss, 
1971). This causes pressure to increase inside of a diverging nozzle which requires an "opposite" 
reaction, in this case, a force which pushes the rocket upward (Corliss, 1971). The nozzle is 
specifically designed to expand the heated hydrogen gas as it exits the reactor to provide thrust to 
the rocket (Angelo and Buden, 1985). 
 The only difference between a chemical rocket and a nuclear rocket is how the gas 
molecules reach the required exit velocities. A chemical rocket employs a combustion chamber, 
in which the propellants undergo a combustion reaction, resulting in highly energetic molecules 
(Corliss, 1971). In an NTR, no combustion reaction takes place. Instead, fission in a reactor core 
(see Figure 4.1) heats a reactor fuel to high temperatures. The liquid hydrogen propellant is 
stored cryogenically in the propellant tanks of the rocket. After leaving the tanks at ~20 K, the 
hydrogen flows to the rocket nozzle. The rocket nozzle contains regenerative cooling channels 
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which the propellant travels through to cool the rocket nozzle. As the hydrogen propellant flows 
through the nozzle and reflector, it gains heat from these systems, heating it well above 100 K 
before it reaches the entrance to the reactor (Angelo and Buden, 1985). At the top of the reactor 
core, the propellant passes through coolant channels in the radial beryllium reflector where it 
also acts as a coolant. The reactor core then heats the propellant to temperatures in excess of 
2500 K by the time it reaches the bottom of the core. Upon exiting the core, the propellant passes 
through the converging-diverging rocket nozzle, providing the force to propel the rocket 
upwards. A shield would be situated above the reactor core to protect the payload from the 
radiation produced by the reactor (Figure 4.1). 
 
 



















4.3 Single Stage to Low Earth Orbit Nuclear Thermal Rockets 
 The work performed in this study is directly related to a previous design study (Labib and 
King, 2014). The previous study developed three NTR reactors for a range of payloads between 
1 and 15 metric tons. The resulting reactors use a tungsten cermet fuel composed of W-25Re 
alloy (tungsten containing 25 wt% rhenium) loaded with 40 vol% uranium nitride fuel enriched 
to 97 at% uranium-235 (Labib and King, 2014). Thermal hydraulic calculations determined 
hydrogen propellant temperatures axially along the ~40 cm diameter reactor core. The outlet 
hydrogen temperatures provided the specific impulses and thrusts achieved by several different 
reactor lengths and powers (Figure 2). From Figure 2, the reactor lengths corresponding to the 
lowest mass and power requirements for a given payload were selected for subsequent neutronics 
analysis. A 40 cm long reactor was chosen for payloads between 1 and 3.5 MT, a 80 cm long 
reactor was selected for payloads between 3.5 and 10 MT, and a 120 cm long reactor was 
indicated for payloads between 10 and 15 MT (Labib and King, 2014).  
 Adjusting the thicknesses of the beryllium reflector and the boron carbide absorber 
segments in the control drums yielded reactors with $2 of hot clean excess reactivity and $5 of 
shutdown margin (based on an assumed delayed neutron fraction of 0.007). In the event that the 
reactor becomes submerged, the energy spectrum of the core can shift from fast to thermal 
resulting in an increase in the reactivity of the core (King and El-Genk, 2005). Based on the 
addition of spectral shift absorber to the reactor cores, all three  reactors remain subcritical when 
submerged in seawater, wet sand, or dry sand, with and without flooded coolant channels (Labib 
and King, 2014). The 40 cm long reactor met the submersion criticality requirements with the 
rhenium in the cermet alloy as the main spectral shift absorber (Labib and King, 2014). The 80 
and 120 cm reactors include small amounts of gadolinium nitride as a spectral shift absorber to 
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keep them subcritical upon submersion in seawater or wet sand following a launch abort (Labib 
and King, 2014).  
 Table 4.1 lists the selected reactor geometries, their corresponding design powers and 
payloads, and the resulting rocket performance measurements. Table 4.1 demonstrates the high 
specific impulses possible with these reactors. For example, the 5 MT payload rocket operates at 
3 GW and could theoretically achieve a specific impulse of 788 seconds (Labib and King, 2014). 
Table 4.2 lists the final geometries and compositions of the three reactors. 
 
 
Figure 4.2. Thrust produced by an NTR core with an approximate diameter of 0.4 m as a 
function of core length and specific impulse compared with the required thrust for a 2 g launch 
as a function of payload and specific impulse. 












































*Assuming 2 MT for reactor, tankage, and support structure
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Table 4.1. Predicted performance of the reactors from the previous study (Labib and King, 
2014). 
 Rocket Performance 
Payload Power (GW) Thrust (kN) Specific 
Impulse (s) 
0.4 m Reactor    
1.0 MT 1.0 185 757 
2.0 MT 1.5 304 705 
3.5 MT 2.2 571 612 
0.8 m Reactor    
5.0 MT 3 518 788 
7.5 MT 4 755 736 
10 MT 5 1039 681 
1.2 m Reactor    
12 MT 6 1038 782 
15 MT 7 1279 748 
 
 














24 cm radial (Be) 
22 cm top axial (Be) 
3 cm bottom axial 
(W-25Re)* 
1.30 0 97 1392 
80 cm 
14 cm radial (Be 
10 cm axial (Be) 
1.25 0.3 97 1765 
120 cm 
12 cm radial (Be) 
10 cm axial (Be) 
1.25 0.6 97 2451 
 * In addition to the 2 cm W-25Re support plate. 
The 40 cm reactor has a 24 cm radial reflector, a 22 cm top axial reflector, a 3 cm bottom axial 
reflector (in addition to the 2 cm W-25Re support plate present in all three reactors) and a B4C 
thickness of 1.30 cm (Labib and King, 2014). The 80 cm reactor has a 14 cm radial reflector, a 
10 cm top axial reflector, and a B4C thickness of 1.25 cm (Labib and King, 2014). The 120 cm 
reactor has a 12 cm radial reflector, a 10 cm top axial reflector, and a B4C thickness of 1.25 cm 
(Labib and King, 2014). The complete system masses including the reflectors, the control drums, 
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the pressure vessel, the support plate, and the reactor core increase with increasing core length 
(1392, 1765, and 2451 kg for the 40, 80, and 120 cm reactors, respectively) (Labib and King, 
2014).  
4.4 Reactor Models 
 This study is based on the MCNP5 models developed for the earlier study (Labib and 
King, 2014). Figures 4.3a and 4.3b present axial and radial views, respectively, of the resulting 
NTR rocket engine model. The reactor core model contains the hexagonal fuel elements and 
graphite spacer elements needed to keep the core circular (Figure 4.3b). Each reactor model 
includes a 12-24 cm thick beryllium radial reflector that extends lengthwise from the top of the 
reactor core to the bottom of a 2-5 cm thick W-25Re support plate (Figure 4.3a). A W-25Re 
support plate sits at the bottom of the reactor and can be considered an extension of the reactor 
core where no fuel is present. A 10-22 cm top axial beryllium reflector is in place above the 
reactor core (Figure 4.3a). Control drums are located inside the radial reflector and consist of an 
insert (1.25-1.30 cm) of boron carbide (B4C) with an arc of 120
o
 located on the edge of a rotating 
beryllium control drum (Figure 4.3b). The control drums extend the full length of the radial 
reflector and are sized to be flush with the edge of the reactor core and radial reflector. The top 
axial beryllium reflector also contains hydrogen coolant channels aligned with the fuel coolant 
channels. A one centimeter thick aluminum pressure vessel surrounds the entire reactor. A 
simple converging-diverging rocket nozzle made from Inconel 718SPF alloy is included in the 
models in order to account for any neutron back scatter from the nozzle to the reactor core 
(Figure 4.3a). There is also a 0.25 cm thermal expansion gap between the core and the reflector 
(Figure 4.3b). Table 4.3 lists the materials, and their corresponding compositions and densities, 
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Table 4.3. Temperatures and densities used in the present reactor models. 
Material Temperature (K) Density (g/cm
3
) 
Reactor Core   









Reflector   
Beryllium  900 1.79
3
 
Boron Carbide 900 2.49
3
 




Hydrogen (H2) 293 0.0125
1
 









Hydrogen (H2) 2500 0.0005
1
 
* Fractions given as weight percent. 
1
 Lemmon, McLinden, and Friend, 2012 
2
 ASM International, 1999 
3
 Obninsk Institute for Nuclear Power and Engineering, 2006 
4
 Special Metals Corporation, 2004 
 
The ENDF/B-VII neutron cross section libraries were used throughout the analysis and the 
delayed neutron fraction is assumed to be 0.007 in all cases. 
 The following analyses employ the use of tallies in MCNP5. There are several different 
available tallies in MCNP5 that estimate a range of important reactor design values. For example, 
an F2 tally in MCNP5 calculates the flux averaged over a defined surface in units of particles per 
cm
2
. MCNP5 performs ten statistical checks on all tallies to determine the validity of the doses 
calculated (X-5 Monte Carlo Team, 2003). These tally results are usually normalized to the 
number of source particles; a simple multiplier card (FM) provides the factor needed to convert 
the tally data to a denormalized value based on the reactor power (Poston, 1997): 
               
  




 MCNP5 tracks both prompt and delayed neutrons, as well as prompt gammas, secondary 
gammas and scattering gammas (X-5 Monte Carlo Team, 2003). The composition of air used in 
the model is 22 wt% oxygen and 78 wt% nitrogen. 1 vol% of H2O (0.983 g/cm
3
) was added to 
represent humidity, resulting in a final air density of 1.19E-3 g/cm
3
. This volume of water 
represents typical weather conditions at Cape Canaveral, Florida (70
o
 F with 70% relative 
humidity) (The Weather Channel, 2013). 
 All of the modeling results that require a rocket operating time (either in flight or while 
still located on ground), assume that the rocket requires ten minutes to reach its destination in 
LEO. This assumption is based Eq. 4.2 which shows the distance that an accelerating rocket will 
travel as a function of time, 
         . (4.2) 
The rocket will provide a thrust of 2 g but it also has to overcome earth's gravity of 1 g resulting 
in a net acceleration of 9.8 m/s
2
. At an acceleration of 9.8 m/s
2
, and assuming a strictly vertical 
flight path, it will take approximately 10 minutes to reach LEO (~2000 km). 
 The following sections detail an initial risk assessment for the surface launch of an NTR 
which compares the three previous NTR reactors in order to determine any possible benefits, such 
as a reduction in radiation dose rate or nearby ground activation, from using a particular reactor. 
The disintegration of the reactor during launch is also investigated by comparing it with previous 
core meltdown accidents. The next section will discuss the radiation dose rate predictions 





4.5. Radiation Dose Rate Predictions 
 When fission occurs in the nuclear reactor core of an NTR, fission fragments as well as 
other particles are produced, including fast neutrons, alpha particles, beta particles and gamma 
rays. Alpha and beta particles are easily attenuated by a thin layer of material and will not leave 
the reactor core, resulting in no contribution to the dose from the NTR. Although many of the 
neutrons will be reflected back into the system to produce additional fissions, a significant 
number of neutrons will make it past the reflectors and contribute to the dose from the reactor. 
Similarly, a significant number of gamma rays will leave the reactor and contribute to the overall 
reactor dose. 
 Neutrons and gamma rays interact differently when travelling through a material. For 
example, there are several mechanisms by which a gamma ray may deposit energy into matter, 
including Compton scattering, pair production and photoelectric absorption (Turner, 2007). 
Gamma rays primarily interact with the electron cloud of an atom (Knoll, 2000). Thus, the mass 
attenuation coefficient for gamma rays increases with increasing atomic number which is why 
gamma ray shields are composed of high atomic number materials such as lead. The amount by 
which the intensity of a gamma ray field is reduced when passing through a material is expressed 
using the mass attenuation coefficient, μm: 
      
      . (4.3) 
 Neutrons interact primarily with the nucleus of an atom, and thus behave differently than 
gamma rays (Duderstadt and Hamilton, 1976). When a neutron interacts with an atom it can 
scatter, either elastically or inelastically (Duderstadt and Hamilton, 1976). Neutrons can also be 
absorbed by materials possessing high absorption cross sections, which can result in several 
reactions, some of which can release other nuclear particles (Knoll, 2000). When neutrons travel 
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through matter and collide with atoms, they lose energy through these collisions and become 
moderated (Duderstadt and Hamilton, 1976). Once moderated, the probability of a neutron being 
absorbed by an atom increases. Therefore, when developing shielding for neutrons, it is common 
to include both a moderating material to reduce the neutron's energy and a high-cross section 
material to absorb moderated neutrons. 
 The dose generated by the launch of a nuclear thermal rocket is a significant barrier to the 
implementation of this system for surface launches. The magnitude of the reactor power is a 
preliminary indication that the dose rate around the reactor will be high. It is important to be able 
to accurately model the radiation field around the reactor in order to assess the risks of an NTR 
surface launch. An accurate model of the dose rates produced by an NTR is also needed before 
designing shielding or other protective measures. 
4.5.1. Radiation Dose Rate Model 
 In this study, the radiation dose fields produced by the three NTR reactors are estimated 
by MCNP5 models using tally cards (F2 and FMESH4) added to the MCNP5 models of the 
reactors (described in Section 4.4) to provide dose rate estimates as a function of distance from 
the reactor. The method includes several concentric spherical shells of air with increasing radii to 
provide a more accurate estimate of the attenuation of the neutron and gamma radiation by the air. 
Although radiation attenuation by air is not normally significant, at long distances (up to 5 km), 
air can provide significant attenuation.  
 The surface (F2) tallies in the MCNP5 input files described in Section 4 provide the dose 
rates expected at the boundaries of the concentric spheres. Dose Energy (DE) and Dose Function 
(DF) cards provide flux to dose rate conversion factors to convert the fluxes to dose rates for both 
neutron and gamma radiation based on International Commission on Radiological Protection-21 
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values given in Appendix H of the MCNP5 manual (X-5 Monte Carlo Team, 2003). Without any 








  ; (4.4) 
however, with the gas molecules and humidity in the air, the source term will decrease much 
more rapidly than the simple equation predicts. The dose assessment model includes several 
concentric air filled spheres set around the reactor with radii of 10, 50, 100, 250, 500, 750, 1000, 
2500, 3500, and 4500 meters. When dealing with the F2 surface tallies a significant distance from 
the reactor, the number of particles used in the KCODE calculations had to be increased 
significantly (to 5x10
6
 particles per cycle, 150 active cycles, and 30 inactive cycles) as the air 
significantly attenuated the number of particles reaching the further spheres. The number of 
particles that pass through each of the spheres affects the uncertainty in the dose rate estimate. If 
only a few particles pass through the surface, the uncertainty is high. Figure 4.4 shows a simple 
schematic of the NTR with the concentric spheres of air situated around the reactor and the 
MCNP5 F2 tallies used at each surface to calculate the dose rate. 
 








 The neutron importances had to be adjusted to account for the large distances over which 
the neutrons needed to be tracked. Increasing neutron importances in adjacent cells is an accepted 
variance reduction technique (X-5 Monte Carlo Team, 2003). At a boundary between different 
importance regions, the number of particles is adjusted, along with the particles' weight. This can 
increase the population of tracked neutrons after the number of original neutrons has dwindled, 
while maintaining the statistical validity of the simulation (X-5 Monte Carlo Team, 2003). Table 
4.4 lists the neutron importances used for the multi-sphere model in this study. The photon 
importance was unity across the entire model. 
  
4.5.2. Dose Rate Limits for an NTR Surface Launch 
 Radiation area boundaries are determined using the dose rate limits set by the Nuclear 
Regulatory Commission (NRC) in Subpart C (Occupational Dose Limits) of Section 10 Part 20 of 
the Code of Federal Regulations (Nuclear Regulatory Commission, 2013). In this study, the 
launch site is separated into a Very High Radiation Area (VHRA), a High Radiation Area (HRA), 
a Radiation Area (RA), Controlled Area (CA), and a Background Area (BA). According to NRC 
regulations, VHRA is an area where the dose rate exceeds 5 Sv/hr.  
Table 4.4. Neutron importances used in the dose assessment models. 
  Inner Boundary (m) Outer Boundary (m) Neutron Importance 
0 10 1 
10 50 1 
50 100 2 
100 250 2 
250 500 4 
500 750 4 
750 1000 8 
1000 2500 8 
2500 3500 16 
3500 4500 16 
85 
 
A High Radiation Area (HRA) is an area with dose rates between 1 mSv/hr and 5 Sv/hr and a 
Radiation Area (RA) is an area with dose rates between 50 μSv/hr and 1 mSv/hr. The Controlled 
Area (CA) will be the area between the lower limit of the Radiation Area (50 μSv/hr) and the 
boundary at which the radiation dose rate from the NTR launch is equal to background. The 
background area is defined by the distance at which the dose rate from the nuclear thermal rocket 
would be equal to the average yearly dose rate a member of the public in the United States would 
receive from all sources (6.2 mSv/hr) (National Council on Radiation Protection and 
Measurements, 2009). Table 4.5 summarizes the radiation zones used in this study. The 
Controlled Area zone is included in order to provide a buffer zone between the radiation area and 
a dose rate equal to the natural background. In theory, an observer of the launch could stand in the 
controlled area and not receive a total dose greater than that allowed to the general public from 
non-medical nuclear activities (1 mSv/yr) (Nuclear Regulatory Commission, 2013). However, 
access to this region would likely be strictly controlled. The dose assessment compares the 
distances to the boundaries of the different radiation zones for the different reactors and their 
payloads. 
4.5.3. Dose Rate Estimates 
 The simple sphere model proposed in this work assumes that, at large distances relative to 
the size of the core, the rocket can be treated as a point source and that the particles are emitted 
uniformly in all directions.  
Table 4. 5. Radiation zones used in this study. 
Radiation Zone Upper Limit Lower  Limit 
Very High Radiation Area N/A > 5 Sv/hr 
High Radiation Area 5 Sv/hr 1 mSv/hr 
Radiation Area 1 mSv/hr 50 μSv/hr 
Controlled Area 50 μSv/hr 6.2 mSv/yr 
Background 6.2 mSv/yr N/A 
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In order to validate these assumptions, an FMESH4 tally determined the flux distribution 
throughout and around the core for each of the reactor lengths. An FMESH tally allows for a user 
generated mesh geometry to be overlaid on the existing reactor core geometry and the volume-
averaged flux is determined over each cell in this mesh. Figures 4.5 and 4.6 show the radial flux 
distribution in the xy-plane resulting from the 80 cm reactor at 1 GW for neutrons and photons, 
respectively. Figure 4.5 shows that at approximately 1 meter away from the center of the core, the 
neutron flux is essentially symmetric about the center axis of the reactor. This demonstrates that it 
can be assumed that the flux is symmetric in the x and y directions. Figure 4.6 indicates that the 
photon flux does not become symmetric until 1.3 meters away from the reactor core. The 40 cm 
and 120 cm reactor flux distributions behave similarly. There are no abnormal shifts or 
concentrations in the radial flux distribution for any of the reactors.  
 
Figure 4.5. Radial neutron flux distribution produced by the 80 cm reactor at 1 GW. 
1 m from core center



























Figure 4.6. Radial photon flux distribution produced by the 80 cm reactor at 1 GW. 
 Figures 4.7 through 4.9 illustrate the axial neutron flux distributions in the xz-plane 
produced by each of three reactors at 1 GW. The fluxes in the xz-plane are not completely 
symmetric. In all three cases, the flux directly under the rocket is noticeably reduced; however, 
beyond 300 cm, the flux beings to look largely uniform, as indicated by the dashed circles on each 
figure. Thus, at large distances considered in this study (10-4500 m) the point source 
approximation is appropriate.  




























Figure 4.7. Axial neutron flux distribution produced by the 40 cm reactor at 1 GW. 
 
Figure 4.8. Axial neutron distribution produced by the 80 cm reactor at 1 GW. 
























3 m from core center




























Figure 4.9. Axial neutron flux distribution produced by the 120 cm reactor at 1 GW power. 
 Table 4.6 lists the dose rates calculated by MCNP5 for each of the reactors at 1 GW as a 
function of distance. Because MCNP5 tracks particles as they travel throughout the geometry of 
the system, when large distances are encountered (relative to the size of the reactor system) the 
uncertainty of the data increases. The uncertainties in Table 4.6 indicate that neutron and photon 
dose rates calculated by MCNP5 become unreliable (σ > 0.1) above 1000 and 2500 m, 
respectively.  
 A fitting equation determines the dose rates between and beyond the points calculated by 
the MCNP5 tallies. Assuming that the reactors can be treated as point sources for the dose rate 
calculation at long distances, the solution of the diffusion equation for a point source in an infinite 
medium can be used as a fitting equation: 
























3 m from core center
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    . (4.5)
Figures 4.10-4.12 show the calculated dose rate as a function of distance determined by the 
multiple sphere model for the three reactors at a power of 1 GW and include the line determined 
by Eq. 4.5 which was used to fit the long-distance neutron and gamma dose rate data for the 40, 
80, and 120 cm reactor, respectively. Since the point source in an infinite medium solution is only 
applicable at long distances, where the reactor can be treated as a point source, the fitted lines 
include only the data from 500 m and above, excluding data with high uncertainties (σ > 0.1). The 
solid lines show the fitting equation above 500 m. Neutrons dominate the dose rate close to the 
reactor; however, beyond ~2000 m, the gamma dose becomes more significant. The neutron field 
is more significantly attenuated by the air compared to the gamma ray field. 
Table 4.6. Dose rates and uncertainties calculated by MCNP5 as a function of distance for each 
of the reactors at 1 GW. 































































































































































































































































Figure 4.13 compares the total dose rates as a function of distance for the three reactors. The 40 
cm reactor produced the lowest dose rate per GW (5.5 x 10
5
 Sv/hr), most likely due to the larger 
reflector system. The radiation dose rates per GW for the 80 and 120 cm reactors are nearly 
identical (6.62 x 10
5
 and 6.25 x 10
5
 Sv/hr, respectively, and slightly higher than those of the 40 
cm reactor. 
 
Figure 4.10. Dose rates as a function of distance for the 40 cm reactor at 1 GW. 
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Figure 4.11. Dose rates as a function of distance for the 80 cm reactor at 1 GW. 
 
 
Figure 4.12. Dose rates as a function of distance for the 120 cm reactor at 1 GW. 
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Figure 4.13. Total dose rate as a function of launch distance for all three reactors at 1 GW. 
 
 Table 4.7 provides the predicted radiation zone boundaries determined for the launch of 
each of the design rocket payloads, based on the dose rates shown in Figures 4.10-4.12. The 
estimated radiation dose rate from the launch of a nuclear thermal rocket at a given point for a 
specific reactor is directly proportional to power level of the reactor (listed in Table 4.1 of Section 
4.3). The eight payloads in Table 4.7 are labeled with their corresponding reactor geometry and 
required reactor power. Figures 4.14 and 4.15 present the same boundaries, that are listed in Table 
4.7, in graphical form. Figure 4.14 is a radial plot which illustrates the distance from the launch to 
each of the radiation zone boundaries and Figure 4.15 demonstrates that although the distance to 
each radiation zone boundary does increase with increasing payload, it does not vary significantly 




Table 4.7. Predicted radiation zone boundaries for the launch of each of the rocket payloads. 
Payload (MT) 1 2 3.5 5 7.5 10 12 15 
Reactor length (m) 0.4  0.4  0.4  0.8  0.8  0.8  1.2  1.2  
Power (GW) 1.1 1.5 2.2 3.0 4.0 5.0 6.0 7.0 
Zone Distance to Outer Boundary (km) 
Very High Radiation 
Area 0.88 0.92 0.97 1.07 1.11 1.14 1.16 1.18 
High Radiation Area 2.00 2.07 2.12 2.27 2.30 2.34 2.38 2.40 
Radiation Area 2.45 2.50 2.55 2.71 2.75 2.78 2.82 2.85 
Controlled Area 3.06 3.10 3.16 3.33 3.38 3.41 3.46 3.48 
Background >3.06 >3.10 >3.16 >3.33 >3.38 >3.41 >3.46 >3.48 
 
 






















Figure 4.15. Dose rates for the launch of all rocket payloads in this study as a function of distance 
from the launch. 
 The distances to the radiation zone outer boundaries increase as the payload increases for 
all of the radiation zones. This is expected as the required power (and therefore the resulting 
neutron flux) of the reactor increases with increasing payload. The reactor powers above 5 MT 
would all have VHRA outer edge distances of over 1 km with the furthest being 1.18 km for the 
15 MT payload. The VHRA zone for the smallest payload (1 MT) would require a VHRA zone of 
approximately 0.88 km in radius. The data illustrate that a launch site could be constructed with a 
designated control area extending  3.5 km away from the launch site when launching a payload 
ranging from between 1 and 15 metric tons (see Table 4.7 and Figures 4.14 and 4.15). The 
difference in distance to the outer edge of the VHRA zone for the least and most powerful rocket 
is ~300 m, while the difference in the controlled area boundaries is ~420 m. For each reactor 
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geometry there is an increase in distance to the radiation zone boundaries with increasing power; 
however, the magnitude of the increase is different for reactor geometry. This can be seen in the 
large increase in distance to the VHRA boundaries for the 3.5 to 5 MT payloads because of the 
change from the 40 cm to the 80 cm reactor. This is due to the different reflector geometries in 
each reactor, which affect the rate of radiation leakage from the reactor core.  
 The present dose rate calculations include no additional shielding. Even without shielding, 
the highest power rocket produces dose rates equal to background radiation levels at ~3.5 km 
from the rocket launch site. This boundary is much nearer to the launch site than the present 
viewing areas for current launches. The closest place for the public to view most Cape Canaveral 
launches is with a purchased ticket at the Saturn V Center which is ~10 km from the launch site 
(National Aeronautics and Space Administration, 2014). With the incorporation of shielding and a 
silo specifically designed for the launch a nuclear thermal rocket, the dose rates could be 
significantly reduced in order to bring the potential public occupancy area closer to the launch 
site. The next section provides an analysis of the activation rates for significant nuclides in the 
ground and the structural materials around the launch area as well as in air, followed by an 
analysis of the fission product inventory produced during the operation of the reactor. 
4.6. Material Activation Predictions 
 Neutrons escaping the NTR reactor engine during engine operation may activate 
materials, including those on the ground and in the air. Many of these activation products decay 
within a matter of seconds or minutes; however, it is important to evaluate the activation rates of 
the longer lived activation products in order to determine the contribution of activated materials to 
the long-term loss of use of the launch site. Materials activated on the ground can be more easily 
predicted and properly disposed of because the activation products are stationary and not likely to 
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enter a person's body; however, the activation of materials in the air is not as straightforward 
because of the materials' unpredictable movement, their ability to be inhaled, and the fact that 
they cannot be contained. The following subsections describe the predicted rates of surface and 
air activation resulting from the launch of an NTR. 
4.6.1. Material Activation Model 
 Similar to the dose rate analysis, an MCNP5 model containing a F2 surface flux tallies 
with FM multiplier cards determined the predicted activation rates around the reactor. Table 4.8 
presents the list of isotopes of concern in the present analysis based on the materials present (or 
potentially present) in the ground (sand) and launch pad area (steel and concrete). The list started 
with all of the elements present in sand, type 304 austenitic steel, concrete, and air. From those 
elements, the Chart of the Nuclides indicated which of the stable isotopes of those elements 
would produce a radioisotope after a neutron capture (National Nuclear Data Center, 2013). Some 
isotopes are located in more than one source material (i.e. 
31
Si) and Table 4.8 indicates the atom 
density of the parent isotope in each material, based on the natural abundances of each isotope 
and the host material's density and composition (shown in Table 4.9). Six of the isotopes possibly 













Ni). With the exception of 
16
N in air, Table 4.8 omits all 
activation products with a half-life less than 3 minutes, as these isotopes would decay to 
background levels within 30 minutes after the launch. 
18
O is not present in the MCNP5 cross-
section libraries and therefore its activation rate cannot be determined by this method; however, 
the extremely short half life of its daughter isotope, 
19
O (t1/2 = 27 seconds), renders its dose rate 
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Beach Sand  SiO2
2
 + 1 vol% NaCl 1.90
2
 





Concrete 20 vol% Portland Cement (62CaO-21SiO2-10Al2O3-6Fe2O3)
4
 










 Given as mass fraction unless otherwise indicated. 
2
 Miller, 1945 
3
 Peckner and Bernstein, 1977 
4
 Yunsheng and Chung, 2000 
5
 Wallace and Hobbs, 2006 
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 Similar to the dose rate calculations in Section 4.5, the surface flux tallies consisted of 
several concentric spheres to determine the activation rates as a function of distance. The spheres 
for the sand and air calculations were taken out to 100 m; however, the steel and concrete would 
only be present near the rocket and therefore the activation rates for these materials were 
determined up to 50 m. To determine an activation rates from MCNP5, an FM multiplier card 
converted the tally units from fluxes to volumetric activation rates based on the microscopic 
absorption cross-section and parent atom density for a given isotope. 
 With the activation rates, R, known, the activity of each of the isotopes on the ground and 
in the air after the reactor has operated can be calculated with Eq. 4.6: 
          
     . (4.6) 
The activation calculations conservatively assume that the parent materials are subjected to the 
calculated neutron flux for 5 minutes (meaning it is assumed that the reactor is on the launch pad 
for 5 minutes), corresponding to one half of the expected reactor operating time. The coastal sand 
of Florida is over 99 wt% SiO2 and is modeled as pure SiO2 (Miller, 1945) with 1 vol% of NaCl 
to account for the proximity to the ocean. The steel in the launch pad is a type 304 stainless steel 
(Peckner and Bernstein, 1977) and the concrete is Portland cement (Yunsheng and Chung, 2000) 
with 80 vol% of SiO2 to account for sedimentary rocks (Refer to Table 4.9 for densities and 
compositions). The MCNP5 activation models run for 150 cycles (120 active and 30 inactive) 
with 500,000 particles/cycle. 1σ uncertainties do not exceed 0.03 for all of the activation results. 
4.6.2. Ground Activation Results 
 In order to compare the different reactors, the power level during operation has to be 
considered due to its direct affect on the neutron flux. Therefore, the highest power that each 
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reactor operates at can be assumed as the most conservative case for each reactor (power levels 
for each reactor and payload are listed in Table 1). This corresponds to 2.2 GW, 5 GW, and 7 GW 
for the 40 cm, 80 cm, and 120 cm reactors, respectively. 
 Figure 4.16 presents volumetric activities for the isotopes produced in sand at 10 m away 
and immediately after the launch for each of the conservative reactor configurations. Although the 
120 cm reactor operates at a power over three times greater than the largest payload 40 cm 






Cl; however, the conservative case 




Figure 4.16. Activity of selected isotopes produced in sand immediately after the launch at 10 m 





































Reactor    Payload      Power
 40 cm        3.5 MT       2.2 GW
 80 cm        10 MT        5.0 GW




Nearly all the isotopes produced in sand at 10 m from the rocket had volumetric activities of less 
than one MBq/cm
3
, with the exception of the 
31
Si produced by the largest payload 80 cm and 120 
cm reactors. Since the rocket is launched from a launch pad, there will likely be no sand present 
closer than 10 m from the rocket. The activation of sand as a function of distance from the rocket 
launch is shown in Figure 4.17. At 100 m away from the NTR launch, the highest activity results 
from the 
31





 Figure 4.18 and 4.19 are similar to Figure 4.16 and illustrate the volumetric activity 
produced by the launch of each of the largest payloads for each reactor size in the concrete and 
steel, respectively. Figure 4.18 shows that, for the majority of the isotopes considered, the 40 cm 
reactor produced the highest activity in the concrete. All of the concrete isotope volumetric 
activities were less than 1.00 MBq except for the 
31
Si activity produced by the 120 cm reactor, 
which reached 1.15 MBq.  
 
Figure 4.17. Sand activities as a function of distance from the NTR launch of the largest payloads 






































31Si      36Cl      38Cl      24Na
120 cm reactor 80 cm reactor 40 cm reactor
10 m       25 m        40 m        50 m        75 m       100 mDistance:




Figure 4.18. Activity of selected isotopes produced in concrete immediately after the launch at 10 
m from the launch. 
 Figure 4.19 illustrates the activities of isotopes produced in 304 stainless steel. When 
considering the steel in the launch pad, 
56
Mn has the highest activation rate and a relatively short 
half life, which results with it having the highest post-launch activity per volume of any of the 




from the 40 cm reactor with a 3.5 MT 





a distance of 10 m from the launch, and is therefore omitted from Figure 4.19. Activation of steel 





however, these isotopes have short half-lives (2.58 h and 3.5 m, respectively) and will decay away 
within a day after the launch. To relate the activation values to something more tangible, the next 
subsection classifies the activated waste according to NRC standards, to determine how it would 


































31Si 41Ca 45Ca 47Ca 55Fe 59Fe
Isotope
Reactor    Payload      Power
 40 cm        3.5 MT       2.2 GW
 80 cm        10 MT        5.0 GW




Figure 4.19.  Activity of selected isotopes produced in 304 stainless steel immediately after the 
launch at 10 m from the launch. 
4.6.2.1. Waste Classification 
 All of the activated materials resulting from the surface launch of an NTR will be 
considered low-level waste. The NRC's guidelines for classifying low-level waste are listed under 
10 CFR 61.55 (Nuclear Regulatory Commission, 2014). Table 4.10 and 4.11 provide the limits 
for classifying low-level waste based on long and short-lived radioisotope content, respectively. 
For the classification of long-lived radioisotopes, if the concentrations of the isotopes in the waste 
do not exceed 0.1 times the value in Table 4.10, the waste is Class A (Nuclear Regulatory 
Commission, 2014). If the radioisotope concentrations in the waste are greater than 0.1 times the 
value in Table 4.10 or 4.11 but do not exceed the value in Table 4.10, the waste is Class C 




































55Fe 59Fe 51Cr 55Cr 59Ni 63Ni 56Mn 31Si
Isotopes
Reactor    Payload    Power
 40 cm       3.5 MT      2.2 GW
 80 cm       10 MT       5.0 GW
120 cm      15 MT       7.0 GW
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the waste is classified as greater than Class C and is not generally acceptable for near-surface 
disposal. For the classification based on short-lived isotopes, if the concentration does not exceed 
the value in column 1 of Table 4.11 the waste is Class A. If the concentration is between column 
1 and 2 of Table 4.11 it is Class B and if it is between column 2 and 3 of Table 4.11 it is Class C. 
Any concentrations higher than column 3 of Table 11 are greater than Class C waste and are 
generally not accepted for near-surface disposal (Nuclear Regulatory Commission, 2014). 
According to the guidelines, classification is based on long-lived isotopes and short-lived isotopes 
are only considered if there are no long lived isotopes present (Nuclear Regulatory Commission, 
2014). 





C-14 2.96 x 10
5
 
C-14 in activated metal 2.96 x 10
6
 
Ni-59 in activated metal 8.14 x 10
6
 
Nb-94 in activated metal 7.40 x 10
3
 
Tc-99 1.11 x 10
5
 










Column 1 Column 2 Column 3 
Total of all nuclides with less than 5 year half-life 2.59 x 10
7
 * * 
H-3 1.48 x 10
6
 * * 
Co-60 2.60 x 10
7
 * * 
Ni-63 1.30 x 10
5
 2.59 x 10
6
 2.59 x 10
7
 
Ni-63 in activated metal 1.30 x 10
6
 2.59 x 10
7
 2.59 x 10
8
 
Sr-90 1.48 x 10
3
 5.55 x 10
6
 2.59 x 10
8
 
Cs-137 3.70 x 10
4
 1.63 x 10
6





There are no limits established for these radionuclides in Class B or C wastes. 
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 To determine the waste classification based on each of the radionuclides of concern, the 
activities determined after the launch are allowed to decay for one year, corresponding to an 
assumed wait time before cleanup with no re-use of the launch pad. Tables 12 through 14 list the 
resulting activities and the corresponding waste classification at a distance of 10 meters from the 
reactor after one year for each of the conservative case launches.  
 
Table 4.12. Activity of radionuclides of concern 10 m from the launch of the highest payload 40 
cm reactor (3.5 MT/2.2 GW) after a wait period of one year. 
Radionuclide Activity (Bq/cm
3
) Waste Classification 
Ni-59 in activated metal in the launch pad 1.74 A 
Ni-63 in activated metal in the launch pad 21.8 x 10
3
 A 






























Table 4.13. Activity of radionuclides of concern 10 m from the launch of the highest payload 80 
cm reactor (10 MT/5 GW) after a wait period of one year. 
Radionuclide Activity (Bq/cm
3
) Waste Classification 
Ni-59 in activated metal in the launch pad 1.18 A 
Ni-63 in activated metal in the launch pad 14.1 x 10
3
 A 






























Table 4.14. Activity of radionuclides of concern 10 m from the launch of the highest payload 120 
cm reactor (15 MT/7 GW) after a wait period of one year. 
Radionuclide Activity (Bq/cm
3
) Waste Classification 
Ni-59 in activated metal in the launch pad 1.41 A 
Ni-63 in activated metal in the launch pad 16.3 x10
3
 A 











































The most significant radionuclide present after one year is 
63





 remaining from the launch of the largest payload 40 cm reactor. The amounts of 
14
C in 
activated metal present after 1 year are insignificant in all cases. The total volumetric activity in 









 after one year at 10 m from the conservative 40 cm, 80 cm, and 

















Cr. The total volumetric activity for short-lived 







have half-lives on the order of hours. Tables 12 to 14 show that the most significant waste will be 
the steel in the launch pad and that after a one year wait period all of the material located 10 m or 
more from an NTR launch can be classified as Class A low level waste which qualifies for near-
surface disposal (Nuclear Regulatory Commission, 2014). 
4.6.3. Air Activation Results 
 The spread of radioactive isotopes in air is often considered with a detailed plume analysis 
which involves data such as source terms, dispersion rates, wind speeds, etc. Because of the ease 
with which air can enter the body through inhalation and since radionuclides produced in air will 
not be stationary, risk to the public from air activation is considered differently than with simple 
activation of ground isotopes. Activated air around the launch area cannot be contained and 
disposed of as the activated products on the ground can be. The NRC defines the limits for air 
activity in 10 CFR Part 20 in terms of derived air concentration (DAC) (Nuclear Regulatory 
Commission, 2013). DAC values are specific to each radionuclide and are defined as the 
concentration of a particular radionuclide in air that if inhaled for a working year (2,000 hours) 
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would result in the uptake of one annual limit for intake (ALI). One ALI corresponds to a 
committed dose of 50 mSv, which is the maximum yearly dose allowed to a radiation worker 
(Nuclear Regulatory Commission, 2013). 
 This study calculates the concentration of radionuclides in the air after an NTR launch in 
order to determine the time at which the resulting air concentration is less than one DAC. As 
shown in Table 8, an NTR surface launch will produce four significant isotopes from the 








Ar. Table 4.15 lists the DAC values for these air activation 
products. 
 Equation 4.6 provides the activity of isotopes in air immediately after five minutes of 
neutron activation from the NTR launch. Since the rocket will be moving relative to the activated 
air, an irradiation time of five minutes is very conservative. The activity immediately following 
the launch then decays at an exponential rate depending on the half life of the radionuclide. 
39
Ar is 
the only air activation radioisotope with a half life longer than a few hours, with a half life of 269 
years; however, 
38
Ar is not prevalent in natural argon (0.06 at%) and thus the majority of the 
activated isotopes in air decay away rather quickly. 
41
Ar, which has the shortest half life of the 
produced argon radioisotopes (109 minutes), is the most abundant argon isotope (99.6 at%). 
Table 4.15. Derived air concentration values for the isotopes considered in the 
air activation analysis (Nuclear Regulatory Commission, 2013). 






















Table 16 lists the calculated air concentration in DACs for each of the isotopes in the air 
activation study corresponding to the 40 cm reactor with a 3.5 MT payload, the 80 cm reactor 
with a 5.0 MT payload, and the 120 cm reactor with a 7.0 MT payload. Table 16 shows that the 
40 cm reactor with a 3.5 MT payload produces the highest concentration of activated products in 




N contributes significantly immediately after an NTR launch; 
however, due to its short half-life, it becomes negligible after only an hour, leaving only 
significant amounts of  
41
Ar. Therefore based on Table 4.16, 
41
Ar is the only major contributor to 





N following the launch of the 40 cm reactor with a 3.5 MT payload 
decreases to below one DAC after less than two days. Due to its short half-life 
16
N is not present 





do not contribute significantly to the total DAC in air and are omitted from Figure 4.20. 
 Figure 4.20 is divided into sections indicating how long a person would need to breathe air 
containing that concentration of radionuclide to receive one ALI, which corresponds to a 
committed dose of 50 mSv. Based on Figure 4.20, after 12 hours of decay, the concentration of 
radionuclides in air would require less than a day but more than an hour of inhalation before a 
person would inhale one ALI. The reduced risk with increased distance from the launch is 
apparent in Figure 4.20. If a person is 100 m from the worst case launch, immediately after the 
launch, the total time for inhalation of one ALI is slightly less than one day. The data in Table 
4.16 and Figure 4.20 indicate that the surface launch of an NTR will require a multi-day exclusion 
zone to allow the 
41
Ar produced by the launch to decay to safe levels near the launch site. The 
analyses in this section do not consider air movement or diffusion which would tend to reduce the 
41
Ar concentrations, but extend the area of the exclusion zone. 
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Table 4.16. Predicted derived air concentrations for each isotope 10 m from the launch. 
 Derived Air Concentration 









Reactor 40 cm/Payload 3.5 MT  
0   2.2 x 10
3
 7.0 x 10
-6
 3.6 x 10
-7
 3.88 x 10
4
 4.10 x 10
4
 
1 0 7.0 x 10
-6
 3.6 x 10
-7
 2.66 x 10
4
 2.66 x 10
4
 
24 0 6.9 x 10
-6
 3.6 x 10
-7
 4.31 x 10
0
 4.31 x 10
0
 
48 0 6.7 x 10
-6
 3.6 x 10
-7
 4.8 x 10
-4
 4.85 x 10
-4
 
72 0 6.6 x 10
-6
 3.6 x 10
-7
 5.3 x 10
-8
 7.0 x 10
-6
 
Reactor 80 cm/Payload 5.0 MT 
0 5.5 x 10
3
 4.86 x 10
-6
 2.33 x  10
-7
 2.51 x 10
4
 3.07 x 10
4
 
1 0 4.86 x 10
-6
 2.33 x  10
-7
 1.72 x 10
4
 1.72 x 10
4
 
24 0 4.76 x 10
-6
 2.33 x  10
-7
 2.79 x 10
0
 2.79 x 10
0
 
48 0 4.67 x 10
-6
 5.53 x 10
-8
 7.39 x 10
-5
 7.50 x 10
-5
 
72 0 4.57 x 10
-6
 2.33 x 10
-8
 3.44 x 10
-8
 4.84 x 10
-6
 
Reactor 120 cm/Payload 7.0 MT 
0 7.43 x 10
3
 5.78 x 10
-6
 2.74 x 10
-7
 2.95 x 10
4
 3.69 x 10
4
 
1 0 5.78 x 10
-6
 2.74 x 10
-7
 2.02 x 10
4
 2.02 x 10
4
 
24 0 5.67 x 10
-6
 2.74 x 10
-7
 3.27 x 10
0
  3.27 x 10
0
 
48 0 5.55 x 10
-6
 2.74 x 10
-7
 3.63 x 10
-4
 3.69 x 10
-4
 
72 0 5.44 x 10
-6
 2.74 x 10
-7
 4.03 x 10
-8









Ar produced by the launch of the 40 
cm reactor with a 3.5 MT payload as a function of distance from launch and time after launch. 
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   Immediately                   Immediately  
   1 hour    
   12 hours  
   1 day        
   2 days   
<1 hour to 5 mSV
<1 day to 5 mSV
Beyond 2 days to 5 mSV




4.7.  Fission Product Inventory and Decay Heating Predictions 
 Once the reactor begins to produce energy there will be a buildup of 
235
U fission products. 
Fission products decay into other isotopes until they become stable (Duderstadt and Hamilton, 
1976). This decay produces heat in the subcritical reactor and contributes to the risk in the case of 
a failed launch. This study assesses the radionuclide inventory and decay heat load in the NTR 
reactor core as a function of time after shutdown. 
 The National Nuclear Data Center (NNDC) publishes complete decay chain data for the 
fast spectrum fission of  
235
U which includes a complete list of the isotopes produced in the 
fission of  
235
U (England and Rider, 1993). MCNPX can track these isotopes as a function of time 
and power (Pelowitz, 2008). Based on the isotopes tracked in MCNPX, the total mass and activity 
of the isotopes produced in the reactor can be estimated. The average energy produced from the 
decay of these isotopes can then determine how much heat is being produced in the reactor 
immediately after shutdown. Subsequently, tracking the decay of these isotopes allows the decay 
heat generation rate to be determined as a function of time after the reactor has shut down. 
Depending on the heat generation rate in the reactors, the reactor can be deemed either safe (the 
heat being produced will not damage the fuel even with no hydrogen flowing) or not safe (the 
heat being produced will damage the fuel when no hydrogen is flowing). 
4.7.1. Isotope Production Model 
 The first step in modeling the decay heat in the shutdown reactor is to determine which 
isotopes will be present in the reactor after it has been operating. The NNDC provides a list of the 
fission yield products of 
235
U (England and Rider, 1993). These isotopes can be inserted into an 
MCNPX input file in order to tell MCNPX to track their production (Pelowitz, 2008). In an 
MCNPX isotope tracking model, when an isotope such as 
235
U experiences an interaction, 
111 
 
CINDER90 tracks all the isotopes resulting from that interaction (Pelowitz, 2008). For the 
isotopes which have transport cross sections listed in the MCNP cross section library, MCNPX 
will print a final mass after each time step as well as a final activity. MCNPX also requires the 
user to input a power level at which the reactor operates. The models in the present model work 
assume a reactor power of 1 GW. 
 The MCNPX geometry model matches the geometry of the MCNP5 model of the 40 cm 
reactor. The materials are identical in both model. Based on the information in Section 4.4 
concerning the travel time to LEO, the MCNPX calculations included two time steps of five 
minutes each. MCNPX tracks radionuclides and their interactions to determine if they fission, 
activate, or decay during each simulated five minute time step. The mass and activities of each 
material are reported at the end of each time step. Each time step included 120 active and 30 
inactive Monte Carlo cycles, with 10,000 particles per cycle. 
4.7.2. Isotope Production Results 





*s) and the 40 cm reactor with a 3.5 MT payload is the most conservative 
activation case in Section 4.5. Figure 4.21 shows the activity of the actinides determined by 
MCNPX after the 40 cm reactor has operated at 1 GW for ten minutes. 
239
U is the largest 
contributor to heat generation after shutdown with a calculated activity of 3.6x10
16




U are also present in rather high amounts. Also included is the amount of 
239
Pu 




U present eventually decays to 
239
Pu. 




U and their corresponding decay rates the amount of 
239
Pu in the core after operation is estimated to be 7.84 x 10
7
 Bq. The activities of all other 














Ru are the next most in abundant at shutdown, 
with 2.8 x 10
15
 Bq and 2.3 x 10
15 
Bq present in the core, respectively. 







in the reactor core after 10 minutes of operation. 
131
I is a risk because of its ability to be deposited 
in the human thyroid (Cember and Johnson, 2009). After 10 minutes at 1 GW, the 40 cm reactor 
contains 7.9 x 10
12
, 4.4 x 10
11
 and 4.8 x 10
11








Figure 4.21. Total activity of the most abundant actinides in the 40 cm reactor core after 10 

















































Figure 4.22. Activities of tracked isotopes present in the 40 cm reactor core after 10 minutes of 
operation at 1 GW. 
 Based on the amount of each radioactive isotope present after the full operation time, it is 
possible to determine the amount of heat present in the core immediately after shutdown as well 
as after a given decay time. The National Nuclear Data Center (NNDC) provides the average 
energy produced by the decay of each radioactive isotope present in the core (National Nuclear 
Data Center, 2013). Using this data, the amount of heat being generated in the reactor after the 
reactor has been shut down is can be calculated: 
         
       . (4.7) 
Based on Equation 4.7 and the data in Figure 4.23, immediately after 10  minutes of operation at 1 
GW the 40 cm reactor is producing 15.5 kW of thermal power from radioactive decay. Since 
radioactive elements decay at different rates, the rate of heat generation in the reactor also 










































































































































































































































function for each isotope, the heat generation rate in the core can be calculated as a function of 
time after shutdown: 
           
     
           (4.8) 
 The decay heat production after shutdown is based on the 40 cm reactor evaluated at a 
power level of 1 GW. The eight different payloads range in required power from 1.1 GW to 7 
GW (Table 4.1 in Section 4.3). The energy produced in each of the reactors during the launch of 
each payload can be translated to number of fissions. Assuming a constant energy per fission of 
190 MeV allows the nuclide inventory to be scaled for each payload. Table 4.17 lists the decay 
heat production immediately after shutdown for each payload. Figure 4.23 shows the heat 
generation rate as a function of time after shutdown for each launch payload. 
 
Figure 4.23. Heat generation rate in the reactor core as a function of time after shutdown for each 
launch payload after 10 minutes of reactor operation. 
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Table 4.17. Decay heat immediately after shutdown for each launch payload after 10 minutes of 
reactor operation. 
Launch Payload Reactor Power (GW) 
Decay heat at 
shutdown (kW) 
1 MT 40 cm 1.1 17.1 
2 MT 40 cm 1.5 23.3 
3.5 MT 40 cm 2.2 34.1 
5 MT 80 cm 3.0 46.5 
7.5 MT 80 cm 4.0 62.0 
10 MT 80 cm 5.0 77.5 
12 MT 120 cm 6.0 93.0 
15 MT 120 cm 7.0 108.5 
  
 Figure 4.23 illustrates that approximately 10 hours after the reactor has shut down, the 
amount of decay heat produced in the reactor is less than 10 W. The largest contributors to the 




I. The amount of decay heat produced by the core after shutdown 
increases with increasing launch payload, as is expected from the increasing power levels. The 
maximum decay power for the launch of a 15 MT payload is ~ 108 kW which is equivalent to a q' 
of 13 W/m for the 120 cm length reactor. Applying a simple heating equation, 
 Q = mCpΔt, (4.9) 
and with the mass and specific heat of W-25Re in the 120 cm reactor (1210 kg and 191 J/kg-K 
(ASM International, 1999), respectively) the reactor temperature increase with time after 
shutdown without cooling can be estimated. Radioactive decay in the 120 cm reactor after 10 
minutes of operation at 7.0 GW will produce 6.48 x 10
7
 J of heat after 10 minutes and may cause 
an increase in core temperature of ~282 K without any post shutdown cooling.   
4.7.3. Evaluation of Potential Radionuclide Releases 
 In the case that the core/payload were to fail and the radionuclides produced in the core 
were to be released into the atmosphere, the event would be similar in nature, if not scope, to 
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previous accidental radioisotope release events such as Fukushima. It is worthwhile to consider if 
the radioisotope release resulting from a NTR failure would be on the same scale as previous 
major nuclear accidents. 
 In order to better understand the estimated radionuclide release from an NTR failure, such 
a release can be compared to events that have already occurred. There have been three major 
historical events which resulted in the accidental release of significant quantities of radionuclides: 
Three Mile Island, Chernobyl, and most recently Fukushima Daiichi. The radionuclide release 
estimate for an NTR failure is based on the amount of radionuclides present in the core and 
assuming 100% of those radionuclides would be released into the atmosphere if the rocket were to 






Xe that would be 
released if the 120 cm core with 15 MT payload were to fail and release the entire contents of the 
core. For comparison, Figure 4.24 also includes the amounts of those isotopes released by the 
Three Mile Island, Chernobyl, and Fukushima Daichii meltdowns. The production of 
239
Pu from 




Np is also shown in Figure 4.24, along with the corresponding 
releases from Chernobyl and worldwide nuclear weapons testing from all nuclear weapons testing 
up until 1989. The release of the 
239










Xe in amounts 
substantially lower than the Chernobyl and Fukushima meltdowns. The failure is also predicted to 
release less 
133




I. Thus, the most 
comparable meltdown is Three-Mile Island. The maximum dose to the general public after the 
Three Mile Island accident was determined to be 0.83 millisieverts at 0.5 miles from the accident 





Eisenbud and Gesell, 1997
 
2
 GPU Nuclear Corporation, 1986 
3
 Kobayashi et al., 2012 
4
 United Nations Scientific Committee on the Effects of Atomic Radiation, 1988 
Figure 4.24. Comparison of the complete failure of the 120 cm reactor after 10 minutes of 
operation at 7 GW with three historical nuclear meltdowns. 
  While, terrestrial meltdowns are significantly different from the vaporization of the NTR 
core in the atmosphere, these comparisons provide perspective on the significance of a possible 
NTR failure. The 120 cm reactor with a 15 MT payload will release less 
239
Pu than worldwide 
weapons testing from 1945 to 1989 and Chernobyl (7.84 x 10
7
 Bq vs 1.30 x 10
16
 and 2.60 x 10
13
 






































































1 Eisenbud and Gesell, 1997
2 GPU Nuclear Corporation, 1986
3 Kobayashi et al., 2012
4 United Nations Scientific Committee on the Effects of Atomic Radiation, 1988.
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4.8. Summary and Conclusions 
 A previous study developed three NTR reactors for the single stage to orbit launch of a 
range of payloads between 1 and 15 metric tons. These reactors use a cermet fuel consisting of a 
W-25 wt% Re matrix loaded with 40 vol% uranium nitride fuel enriched to 97 at% uranium-235. 
The resulting cores range in length from 40 cm to 120 cm. This study provides an initial risk 
assessment of the surface launch of the three NTR reactors and presents several analyses to bound 
the risks involved with launching a nuclear thermal rocket from the ground. A multiple sphere 
model utilizing surface tallies was used to determine potential dose rates from an NTR surface 
launch. A launch pad with a dedicated controlled area approximately 3.5 km from the launch site 
would keep dose rates to the public to levels less than natural background. 
 Surface tallies in MCNP5 determined the activation rates in the launch area, including the 
launch pad, soil, and air. The 40 cm reactor with a 3.5 MT payload resulted in the greatest rate of 




Cr isotopes produced 









respectively, in the 304 stainless steel immediately after the launch of the 40 cm reactor with a 3.5 
MT payload. The activation analysis classified the activated material by NRC waste classification 
standards, considering all of the activated isotopes one year after the NTR launch, and concluded 
that all of the resulting material would be Class A low-level waste. 
 Activated air around the launch area cannot be contained and disposed of and the risk 
limits set for radioactivity are different from those for disposable material. The activation analysis 
estimated the activity levels of argon isotopes and 
16
N resulting from the activation of air and 
provided a prediction of the derived air concentration for each isotope at a distance from the 
launch as a function of time after launch. After 12 hours, the concentration of radionuclides in air 
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would require less than one day but more than one hour of inhalation result in a committed dose 
of 50 mSv. The predictions indicate that a surface launch of an NTR will require a multi-day 
exclusion zone to allow the activated air around the launch site to decay to safe levels. 
 MCNPX determined the amount of selected isotopes that would be generated in the core 
of the 40 cm reactor after 10 minutes of operation at 1 GW.  
135
I is the most abundant fission 
product after ten minutes of operation, with 3.3 x 10
16
 Bq of 
135
I  in the core at shutdown. After 




Np, it is predicted that 
239
Pu will be produced in the amount of 3.67 x 
10
16
 Bq. The decay heat after shutdown increases with increasing reactor power with a maximum 
decay heat after 10 minutes of operation of 108 kW for the 15 MT payload. A complete failure of 






Xe (2.51 x 10
13 
Bq, 1.40 x 10
12 
Bq, and 1.53 x 10
11
 Bq, respectively) in amounts substantially lower than the 
Chernobyl and Fukushima meltdowns. The predicted release would include less 
133




I than the Three-Mile Island meltdown. The release of 
239
Pu by the NTR, for the 120 
cm conservative core, is higher for the NTR than from either the Chernobyl accident and 
worldwide weapons testing from 1945 until 1989. 
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SUMMARY AND CONCLUSIONS 
 The future of manned space exploration is dependent on decreasing launch costs relative 
to modern day chemically-fueled rockets. A rocket with an increased specific impulse compared 
to current technologies could make this possible by greatly reducing the mass of the propellant 
required to place a given payload in orbit, and potentially decreasing the cost of launching 
material from the Earth's surface. 
 This thesis developed three nuclear thermal rocket (NTR) reactors for a range of payloads 
between 1 and 15 metric tons. The resulting reactors utilize tungsten cermet fuel composed of W-
25Re (tungsten containing 25 wt% rhenium) loaded with 40 vol% uranium nitride fuel enriched to 
97 at% uranium-235. Thermal hydraulics calculations determined hydrogen propellant 
temperatures axially along the approximately 40 cm diameter reactor core, using a simple annulus 
equivalent model. The outlet hydrogen temperatures provided the specific impulses and thrusts 
for several different reactor lengths and powers. From this, the reactor lengths corresponding to 
the lowest mass and power requirements for a given payload were selected for the neutronics 
analysis, resulting in a set of three different length reactors. A 40 cm long reactor was chosen for 
payloads between 1 and 3.5 MT, a 80 cm was selected for payloads between 3.5 and 10 MT, and 
a 120 cm reactor was indicated for payloads between 10 and 15 MT. Each of the final reactor 
configurations meet $2 hot excess reactivity and $5 shutdown margin requirements and are at 
least $1 subcritical when submerged in dry sand, wet sand, or seawater with or without floding of 
the coolant channels. The larger (80 cm and 120 cm) reactors required the addition of up to 0.6 
wt% GdN to the UN fuel in order to remain $1 subcritical in all submersion cases. The 40 cm 
reactor has a 24 cm radial, a 22 cm top axial, and a 3 cm bottom axial reflector and a B4C 
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absorber thickness of 1.30 cm. The 80 cm reactor has a 14 cm radial reflector and a 10 cm top 
axial reflector and a B4C absorber thickness of 1.25 cm. The 120 cm reactor has 12 cm radial 
reflector and 10 cm top axial reflector and a B4C absorber thickness of 1.25 cm. The complete 
system masses (including the core, the reflectors, the control drums, the support plate, and the 
pressure vessel) increase with increasing core length (1392, 1765, and 2451 kg for the 40, 80, and 
120 cm reactors, respectively).  
 This study provides an initial risk assessment of the surface launch of the three NTR 
reactors and presents several analyses to bound the risks involved with launching a nuclear 
thermal rocket from the ground. A multiple sphere model utilizing surface tallies was used to 
determine potential dose rates from an NTR surface launch. A launch pad with a dedicated 
controlled area approximately 3.5 km from the launch site would keep dose rates to the public to 
levels less than natural background. 
 Surface tallies in MCNP5 determined the activation rates in the launch area, including the 
launch pad, soil, and air. The 40 cm reactor with a 3.5 MT payload resulted in the greatest rate of 




Cr isotopes produced 









respectively, in the 304 stainless steel immediately after the launch of the 40 cm reactor with a 3.5 
MT payload. The activation analysis classified the activated material by NRC waste classification 
standards, considering all of the activated isotopes one year after the NTR launch, and concluded 
that all of the resulting material would be Class A low-level waste. 
 Activated air around the launch area cannot be contained or disposed of and the risk limits 
set for airborne radioactivity are different from those for disposable material. MCNP5 F2 tallies 
estimated the activity levels of activated argon and 
16
N resulting from the launch. The air 
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activation analysis provided a prediction of the air concentration for each isotope at a distance 
from the launch as a function of time after launch. After 12 hours the concentration of 
radionuclides in air would require less than one day but more than one hour of inhalation to result 
in a committed dose of 50 mSv. The predictions indicate that a surface launch of an NTR will 
require a multi-day exclusion zone to allow the activated air around the launch site to decay to 
safe levels. 
 MCNPX determined the amount of selected isotopes that would be generated in the core 
of the 40 cm reactor after 10 minutes of operation at 1 GW.  
135
I is the most abundant fission 
product after ten minutes of operation, with 3.3 x 10
16
 Bq of 
135
I  in the core at shutdown. The 
decay heat after shutdown increases with increasing reactor power with a maximum decay heat of 
108 kW after 10 minutes of operation for the 15 MT payload. A complete failure of the 120 cm 






Xe (2.51 x 10
13 
Bq, 1.40 x 
10
12 
Bq, and 1.53 x 10
11
 Bq, respectively) in amounts substantially lower than the Chernobyl and 
Fukushima meltdowns. The predicted release would include less 
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Np, it is predicted that 
239
Pu 
will be produced in the amount of 7.84 x 10
7
 Bq in the event of the release of 
239
Pu by the NTR, 
the released activity for the 120 cm conservative core, is less for the NTR than from either the 
Chernobyl accident or worldwide weapons testing between 1945 and 1989. 
 The reactors described in this thesis, all with specific impulses in excess of 700 s, could 
significantly reduce the propellant mass needed to place payloads into orbit, thus demonstrating 
that nuclear thermal rocket technology is a viable technology for the future exploration of space. 
The size, reflector system, and power level used in the NTR will affect the risk posed by a surface 




RECOMMENDATIONS FOR FUTURE WORK 
 Topics in more specific areas such as aerospace or materials engineering can complete the 
risk assessment described in this thesis. For example, an in-depth mechanical analysis of a launch 
abort scenario during which the reactor falls back to earth and impacts the ground could be done. 
Although tungsten has high yield strength, it is a rather brittle metal and it is possible that an 
impact could shatter the core. Rhenium is used as an alloying agent and provides some increased 
ductility; however, a full finite element analysis evaluation could determine the core's state upon 
ground impact. This could be extended to analyzing the stress present in the core during the 
rocket's reentry into earth's atmosphere. 
 Other suggestions include a more extensive thermal hydraulic analysis of the hydrogen in 
the coolant channels, using a computational fluid dynamics code, instead of the simplified model 
in this thesis. An extensive study to determine the most relevant heat transfer correlation for 
hydrogen at temperatures in excess of 2000 K in circular channels would improve the thermal 
hydraulics analysis. A study on the cooling rate of the core in low earth orbit could provide more 






MCNP INPUT FILES 
40 cm reactor  
 
c HOT 40cm reactor enriched 97% 40-60 
c Cell Specifications 
10 3 -0.00051 -100 imp:n=1  u=1 tmp=2.585E-7 $coolant channel 
15 1 0.062589 -200 100 imp:n=1 u=1 tmp=2.585E-7 $hex out coolant channel 
16 1 0.062589 200 imp:n=1  u=1 tmp=2.585E-7 $outside hex 
17 1 0.062589 -200 imp:n=1 u=2 tmp=2.585E-7 $hex out no coolant channel 
18 1 0.062589 200 imp:n=1 u=2 tmp=2.585E-7 $outside hex no cc 
20 1 0.062589 -200 u=3 imp:n=1 tmp=2.585E-7 lat=2 fill=-3:3 -3:3 0:0  $fuel element hex 
     2 2 2 2 2 2 2 
     2 2 2 1 1 1 2 
     2 2 1 1 1 1 2 
     2 1 1 1 1 1 2 
     2 1 1 1 1 2 2 
     2 1 1 1 2 2 2 
     2 2 2 2 2 2 2 
25 1 0.062589 -130 imp:n=1 fill=3 u=4 tmp=2.585E-7 $entire fuel element fill=3 
26 1 0.062589 130 imp:n=1 u=4 tmp=2.585E-7 $outside fuel element 
27 3 -0.00051 -100 imp:n=1 u=7 tmp=2.585E-7 $coolant channel 
28 4 -2.1 -200 100 u=7 imp:n=1 tmp=2.585E-7 $pyro hex out coolant channel 
29 4 -2.1 200 imp:n=1 u=7 tmp=2.585E-7 $pyro outside hex 
30 4 -2.1 -200 imp:n=1 u=8 tmp=2.585E-7 $pyro hex out no coolant channel 
31 4 -2.1 200 imp:n=1 u=8 tmp=2.585E-7 $pyro outside hex no cc 
32 4 -2.1 -200 u=9 imp:n=1 tmp=2.585E-7 lat=2 fill=-3:3 -3:3 0:0 $pyro element hex 
     8 8 8 8 8 8 8 
     8 8 8 8 8 8 8 
     8 8 8 8 8 8 8 
     8 8 8 8 8 8 8 
     8 8 8 8 8 8 8 
     8 8 8 8 8 8 8 
     8 8 8 8 8 8 8 
33 4 -2.1 -130 imp:n=1 u=10 fill=9 tmp=2.585E-7 $entire pyro element fill=9 
34 4 -2.1 130 imp:n=1 u=10 tmp=2.585E-7 $outside pyro element   
50 4 -2.1 -130 imp:n=1 u=6 tmp=2.585E-7 lat=2 fill=-13:13 -13:13 0:0 $Reactor Core Total Fuel 
     10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10  
     10 10 & 
10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10  
     10 10 10 & 
10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 4 4 4 4 4 4 10 10  
     10 10 10 & 
127 
 
10 10 10 10 10 10 10 10 10 10 10 10 10 4 4 4 4 4 4 4 4 4 4 4 
     10 10 10 & 
10 10 10 10 10 10 10 10 10 10 10 10 4 4 4 4 4 4 4 4 4 4 4 4 
     10 10 10 & 
10 10 10 10 10 10 10 10 10 10 4 4 4 4 4 4 4 4 4 4 4 4 4 4 
     4 10 10 & 
10 10 10 10 10 10 10 10 10 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 
     4 10 10 & 
10 10 10 10 10 10 10 10 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 
     4 10 10 & 
10 10 10 10 10 10 10 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 
     4 10 10 & 
10 10 10 10 10 10 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 
     4 10 10 & 
10 10 10 10 10 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 
     4 10 10 & 
10 10 10 10 10 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 
     10 10 10 & 
10 10 10 10 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 
     10 10 10 & 
10 10 10 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 
     10 10 10 & 
10 10 10 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 10 
     10 10 10 & 
10 10 10 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 10 10 
     10 10 10 & 
10 10 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 10 10 
     10 10 10 & 
10 10 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 10 10 10 
     10 10 10 & 
10 10 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 10 10 10 10 
     10 10 10 & 
10 10 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 10 10 10 10 10 
     10 10 10 & 
10 10 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 10 10 10 10 10 10 
     10 10 10 & 
10 10 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 10 10 10 10 10 10 10 
     10 10 10 & 
10 10 10 4 4 4 4 4 4 4 4 4 4 4 4 10 10 10 10 10 10 10 10 10 
     10 10 10 & 
10 10 10 4 4 4 4 4 4 4 4 4 4 4 10 10 10 10 10 10 10 10 10 10 
     10 10 10 & 
10 10 10 10 10 4 4 4 4 4 4 10 10 10 10 10 10 10 10 10 10 10 10 10 
     10 10 10 & 
10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 
     10 10 10 & 
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10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 
     10 10 10 
51 1 0.062589 -105 -101 102 imp:n=1    fill=6 tmp=2.585E-7 $Reactor Core fill=6 
52 3 -0.00051 -100 imp:n=1    u=11 tmp=2.585E-7 $coolant channel 
53 5 -19.6925 -200 100 u=11 imp:n=1    tmp=2.585E-7 $W-Re hex out coolant channel 
54 5 -19.6925 200 imp:n=1    u=11 tmp=2.585E-7 $W-Re outside hex 
55 5 -19.6925 -200 imp:n=1    u=12 tmp=2.585E-7 $W-Re hex out no coolant channel 
56 5 -19.6925 200 imp:n=1    u=12 tmp=2.585E-7 $W-Re outside hex no cc 
57 5 -19.6925 -200 u=13 imp:n=1 tmp=2.585E-7 lat=2 fill=-3:3 -3:3 0:0 $W-Re element hex 
     12 12 12 12 12 12 12 
     12 12 12 11 11 11 12 
     12 12 11 11 11 11 12 
     12 11 11 11 11 11 12 
     12 11 11 11 11 12 12 
     12 11 11 11 12 12 12 
     12 12 12 12 12 12 12 
58 5 -19.6925 -200 u=30 imp:n=1 tmp=2.585E-7 lat=2 fill=-3:3 -3:3 0:0 $W-Re element hex 
     12 12 12 12 12 12 12 
     12 12 12 12 12 12 12 
     12 12 12 12 12 12 12 
     12 12 12 12 12 12 12 
     12 12 12 12 12 12 12 
     12 12 12 12 12 12 12 
     12 12 12 12 12 12 12 
59 5 -19.6925 -130 imp:n=1    u=15 fill=13 tmp=2.585E-7 $entire W-Re element fill=13 
60 5 -19.6925 130 imp:n=1    u=15 tmp=2.585E-7 $outside W-Re element 
61 5 -19.6925 -130 imp:n=1    u=31 fill=30 tmp=2.585E-7 $entire W-Re element fill=30 
62 5 -19.6925 130 imp:n=1    u=31 tmp=2.585E-7 $outside W-Re element 
64 5 -19.6925 -130 imp:n=1    u=16 tmp=2.585E-7  
     lat=2 fill=-13:13 -13:13 0:0  $W-Re Support  
     31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31  
     31 31 & 
31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31  
     31 31 31 & 
31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 15 15 15 15 15 15 31 31  
     31 31 31 & 
31 31 31 31 31 31 31 31 31 31 31 31 31 15 15 15 15 15 15 15 15 15 15 15 
     31 31 31 & 
31 31 31 31 31 31 31 31 31 31 31 31 15 15 15 15 15 15 15 15 15 15 15 15 
     31 31 31 & 
31 31 31 31 31 31 31 31 31 31 15 15 15 15 15 15 15 15 15 15 15 15 15 15 
     15 31 31 & 
31 31 31 31 31 31 31 31 31 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 
     15 31 31 & 
31 31 31 31 31 31 31 31 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 
     15 31 31 & 
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31 31 31 31 31 31 31 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 
     15 31 31 & 
31 31 31 31 31 31 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 
     15 31 31 & 
31 31 31 31 31 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 
     15 31 31 & 
31 31 31 31 31 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 
     31 31 31 & 
31 31 31 31 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 
     31 31 31 & 
31 31 31 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 
     31 31 31 & 
31 31 31 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 31 
     31 31 31 & 
31 31 31 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 31 31 
     31 31 31 & 
31 31 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 31 31 
     31 31 31 & 
31 31 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 31 31 31 
     31 31 31 & 
31 31 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 31 31 31 31 
     31 31 31 & 
31 31 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 31 31 31 31 31 
     31 31 31 & 
31 31 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 31 31 31 31 31 31 
     31 31 31 & 
31 31 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 31 31 31 31 31 31 31 
     31 31 31 & 
31 31 31 15 15 15 15 15 15 15 15 15 15 15 15 31 31 31 31 31 31 31 31 31 
     31 31 31 & 
31 31 31 15 15 15 15 15 15 15 15 15 15 15 31 31 31 31 31 31 31 31 31 31 
     31 31 31 & 
31 31 31 31 31 15 15 15 15 15 15 31 31 31 31 31 31 31 31 31 31 31 31 31 
     31 31 31 & 
31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 
     31 31 31 & 
31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 
     31 31 31 
66 5 -19.6925 -105 103 -102 imp:n=1    fill=16 tmp=2.585E-7 $extra W-Re support fill=16 
68 3 -0.00051 -100 imp:n=1    u=17 tmp=2.585E-7 $Bery coolant channel 
69 2 -1.792 -200 100 u=17 imp:n=1    tmp=2.585E-7 $Bery hex out coolant channel 
70 2 -1.792 200 imp:n=1    u=17 tmp=2.585E-7 $Bery outside hex 
71 2 -1.792 -200 imp:n=1    u=18 tmp=2.585E-7 $Bery hex out no coolant channel 
72 2 -1.792 200 imp:n=1    u=18 tmp=2.585E-7 $Bery outside hex no cc 
73 2 -1.792 -200 u=20 imp:n=1 tmp=2.585E-7  
     lat=2 fill=-3:3 -3:3 0:0 $Bery element hex 
130 
 
     18 18 18 18 18 18 18 
     18 18 18 17 17 17 18 
     18 18 17 17 17 17 18 
     18 17 17 17 17 17 18 
     18 17 17 17 17 18 18 
     18 17 17 17 18 18 18 
     18 18 18 18 18 18 18 
74 2 -1.792 -130 imp:n=1    u=19 fill=20 tmp=2.585E-7 $entire Bery element fill=20 
75 2 -1.792 130 imp:n=1    u=19 tmp=2.585E-7 $outside Bery element 
76 2 -1.792 -200 u=21 imp:n=1    tmp=2.585E-7  
     lat=2 fill=-3:3 -3:3 0:0 $Bery element hex 
     18 18 18 18 18 18 18 
     18 18 18 18 18 18 18 
     18 18 18 18 18 18 18 
     18 18 18 18 18 18 18 
     18 18 18 18 18 18 18 
     18 18 18 18 18 18 18 
     18 18 18 18 18 18 18 
77 2 -1.792 -130 imp:n=1    u=22 fill=21 tmp=2.585E-7 $entire Bery element fill=21 
78 2 -1.792 130 imp:n=1    u=22 tmp=2.585E-7 $outside Bery element 
79 2 -1.792 -130 imp:n=1    u=23 tmp=2.585E-7  
     lat=2 fill=-13:13 -13:13 0:0  $Bery top 
     22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22  
     22 22 & 
22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22  
     22 22 22 & 
22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 19 19 19 19 19 19 22 22  
     22 22 22 & 
22 22 22 22 22 22 22 22 22 22 22 22 22 19 19 19 19 19 19 19 19 19 19 19 
     22 22 22 & 
22 22 22 22 22 22 22 22 22 22 22 22 19 19 19 19 19 19 19 19 19 19 19 19 
     22 22 22 & 
22 22 22 22 22 22 22 22 22 22 19 19 19 19 19 19 19 19 19 19 19 19 19 19 
     19 22 22 & 
22 22 22 22 22 22 22 22 22 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 
     19 22 22 & 
22 22 22 22 22 22 22 22 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 
     19 22 22 & 
22 22 22 22 22 22 22 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 
     19 22 22 & 
22 22 22 22 22 22 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 
     19 22 22 & 
22 22 22 22 22 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 
     19 22 22 & 
22 22 22 22 22 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 
     22 22 22 & 
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22 22 22 22 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 
     22 22 22 & 
22 22 22 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 
     22 22 22 & 
22 22 22 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 22 
     22 22 22 & 
22 22 22 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 22 22 
     22 22 22 & 
22 22 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 22 22 
     22 22 22 & 
22 22 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 22 22 22 
     22 22 22 & 
22 22 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 22 22 22 22 
     22 22 22 & 
22 22 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 22 22 22 22 22 
     22 22 22 & 
22 22 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 22 22 22 22 22 22 
     22 22 22 & 
22 22 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 22 22 22 22 22 22 22 
     22 22 22 & 
22 22 22 19 19 19 19 19 19 19 19 19 19 19 19 22 22 22 22 22 22 22 22 22 
     22 22 22 & 
22 22 22 19 19 19 19 19 19 19 19 19 19 19 22 22 22 22 22 22 22 22 22 22 
     22 22 22 & 
22 22 22 22 22 19 19 19 19 19 19 22 22 22 22 22 22 22 22 22 22 22 22 22 
     22 22 22 & 
22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 
     22 22 22 & 
22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 
     22 22 22 
82 2 -1.792 -105 101 -107 imp:n=1 fill=23 tmp=2.585E-7 $topBe reflector coolant chansfill=23 
83 2 -1.792 105 -108 101 -107 imp:n=1    tmp=2.585E-7 $top Be reflector no coolant 
c 88 2 -1.792 -302 301 -101 102 imp:n=1    tmp=2.585E-7 $Solid Be Reflector 
89 3 -0.00051 -101 102 -301 105 imp:n=1    tmp=2.585E-7 $Gap btwn Reflector and core 
90 6 -2.494 -400 401 50 51 imp:n=1    tmp=2.585E-7 $Boron pieces 
95 like 90 but *trcl=(0 0 0 45 -45 90 135 45 90 90 90 0) 
96 like 90 but *trcl=(0 0 0 90 0 90 180 90 90 90 90 0) 
97 like 90 but *trcl=(0 0 0 135 45 90 135 135 90 90 90 0) 
98 like 90 but *trcl=(0 0 0 180 90 90 90 180 90 90 90 0) 
99 like 90 but *trcl=(0 0 0 225 135 90 45 225 90 90 90 0) 
100 like 90 but *trcl=(0 0 0 270 180 90 0 270 90 90 90 0) 
101 like 90 but *trcl=(0 0 0 315 135 90 45 315 90 90 90 0) 
102 2 -1.792 (102 -101 -302 301) #90 #95 #96 #97 #98 #99  
     #100 #101  imp:n=1    
200 9 -8.19 -600 602 imp:n=1    tmp=2.585E-7 $nozzle 
202 9 -8.19 -601 603 imp:n=1    tmp=2.585E-7 $nozzle 
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203 3 -0.00051 -602:-603 imp:n=1    tmp=2.585E-7 $inside nozzle 
250 8 -2.94 (-110 302 -106 103):(-111 106 -110):(-110 105 -102 103) 
     imp:n=1    tmp=2.585E-7 $pressure vessel 
260 7 -0.01248 -106 107 -108 imp:n=1    tmp=2.585E-7 $H2 inside PV 
261 7 -0.01248 -106 101 108 -302 imp:n=1    tmp=2.585E-7 $H2 inside PV 
300 11 -0.00129 (110:111:105 110:-103:105(600 601 -602 -603)) 
     600 601 -700 imp:n=1    
720 0 700 imp:n=0    
 
c Surface Specifications 
100 cz 0.1397 
101 pz 20 
102 pz -20 
103 pz -25 $extra W-Re support plate 
105 cz 20.25 
106 pz 44 $thickness of PV 
107 pz 43.999 $top reflector 
108 cz 40 
110 cz 45.7 $pressure vessel 
111 pz 45 $top pressure vessel 
112 cz 20.40 $GdN coating 
c 120 pz -126 
130 rhp 0 0 -32 0 0 84 0.47625 0.825 0 0.9525 0 0 0.47625 -0.825 0 
200 rhp 0 0 -32 0 0 84 0 0.2 0 0.173205 0.1 0 0.173205 -0.1 0 
301 cz 20.5 $inner reflector 
302 cz 44.5 $outer reflector 
400 rcc 0 32.5 -20 0 0 40 11.998 $control drum 
401 rcc 0 32.5 -20 0 0 40 11.7 $control drum 
50 p 10.39 38.5 32.5 0 32.5 -32.5 0 32.5 0 
51 p -10.39 38.5 32.5 0 32.5 -32.5 0 32.5 0 
600 TRC 0 0 -72 0 0 47 5.5 19.5 $nozzle cone 
601 TRC 0 0 -122 0 0 50 19.5 5.5 $bottom cone 
602 TRC 0 0 -72 0 0 47 5 19 
603 TRC 0 0 -122 0 0 50 19 5 




mode n p 
kcode 500000 1.0 20 150 
ksrc 0 0 0 
c Materials 
m1   92235.74c 0.20317 
     92238.74c 0.006284 
     7014.74c  0.209453 
     74182.74c  0.115631 
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     74183.74c 0.062441 
     74184.74c  0.133696 
     74186.74c 0.124052 
     75187.74c 0.090941 
     75185.74c 0.054332 $Tungsten Cermet UN 235 97 
m2   4009.72c 1 $Beryllium 
m3   1002.74c 1 $Hydrogen 
m4   6000.74c 1 $Carbon 
m5   74182.74c  0.19875 
     74183.74c 0.107325 
     74184.74c 0.2298  
     74186.74c 0.21255 
     75187.74c 0.0935 
     75185.74c 0.1565 
m6   5010.72c 4 $Boron Carbide 
     6000.72c 1 
m7   1002.70c 0.79 $cold hydrogen 
m8   13027.74c 0.05664561237 
     29063.74c 0.0033964133 
     12024.74c 0.0002153103 
     25055.74c 0.0003951602 
m9   6000.74c 0.0005 
     28058.74c 0.58 $Ni 
     24052.74c 0.31 $Cr 
     26056.74c 0.11 $Fe 
     25055.74c 0.005 $Mn 
     16032.74c 0.00015 $S 
     14028.74c 0.005 $Si 
     29063.74c 0.005 $Cu 
m11  7014.70c 0.7614 $air 
     8016.70c 0.2302 
     1002.70c 0.0084 
mt4 grph.19t 
mt9 grph.19t 
mt2 be.16t    
kopts blocksize=20 kinetics=yes precursor=yes 





80 cm reactor 
c HOT 80cm reactor  enriched 97% 
c Cell Specifications 
10 3 -0.00051 -100 imp:n=1 u=1 tmp=2.585E-7 $coolant channel 
15 1 0.061952 -200 100 imp:n=1 u=1 tmp=2.585E-7 $hex out coolant channel 
16 1 0.061952 200 imp:n=1 u=1 tmp=2.585E-7 $outside hex 
17 1 0.061952 -200 imp:n=1 u=2 tmp=2.585E-7 $hex out no coolant channel 
18 1 0.061952 200 imp:n=1 u=2 tmp=2.585E-7 $outside hex no cc 
20 1 0.061952 -200 u=3 imp:n=1 tmp=2.585E-7 lat=2  
     fill=-3:3 -3:3 0:0  $fuel element hex 
     2 2 2 2 2 2 2 
     2 2 2 1 1 1 2 
     2 2 1 1 1 1 2 
     2 1 1 1 1 1 2 
     2 1 1 1 1 2 2 
     2 1 1 1 2 2 2 
     2 2 2 2 2 2 2 
25 1 0.061952 -130 imp:n=1 fill=3 u=4 tmp=2.585E-7 $entire fuel element fill=3 
26 1 0.061952 130 imp:n=1 u=4 tmp=2.585E-7 $outside fuel element 
27 3 -0.00051 -100 imp:n=1 u=7 tmp=2.585E-7 $coolant channel 
28 4 -2.1 -200 100 u=7 imp:n=1 tmp=2.585E-7 $pyro hex out coolant channel 
29 4 -2.1 200 imp:n=1   u=7 tmp=2.585E-7 $pyro outside hex 
30 4 -2.1 -200 imp:n=1 u=8 tmp=2.585E-7 $pyro hex out no coolant channel 
31 4 -2.1 200 imp:n=1   u=8 tmp=2.585E-7 $pyro outside hex no cc 
32 4 -2.1 -200 u=9 imp:n=1   tmp=2.585E-7 lat=2  
     fill=-3:3 -3:3 0:0 $pyro element hex 
     8 8 8 8 8 8 8 
     8 8 8 8 8 8 8 
     8 8 8 8 8 8 8 
     8 8 8 8 8 8 8 
     8 8 8 8 8 8 8 
     8 8 8 8 8 8 8 
     8 8 8 8 8 8 8 
33 4 -2.1 -130 imp:n=1 u=10 fill=9 tmp=2.585E-7 $entire pyro element fill=9 
34 4 -2.1 130 imp:n=1 u=10 tmp=2.585E-7 $outside pyro element   
50 4 -2.1 -130 imp:n=1  u=6 tmp=2.585E-7 lat=2  
     fill=-13:13 -13:13 0:0 $Reactor Core Total Fuel 
     10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10  
     10 10 & 
10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10  
     10 10 10 & 
10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 4 4 4 4 4 4 10 10  
     10 10 10 & 
10 10 10 10 10 10 10 10 10 10 10 10 10 4 4 4 4 4 4 4 4 4 4 4 
     10 10 10 & 
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10 10 10 10 10 10 10 10 10 10 10 10 4 4 4 4 4 4 4 4 4 4 4 4 
     10 10 10 & 
10 10 10 10 10 10 10 10 10 10 4 4 4 4 4 4 4 4 4 4 4 4 4 4 
     4 10 10 & 
10 10 10 10 10 10 10 10 10 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 
     4 10 10 & 
10 10 10 10 10 10 10 10 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 
     4 10 10 & 
10 10 10 10 10 10 10 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 
     4 10 10 & 
10 10 10 10 10 10 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 
     4 10 10 & 
10 10 10 10 10 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 
     4 10 10 & 
10 10 10 10 10 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 
     10 10 10 & 
10 10 10 10 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 
     10 10 10 & 
10 10 10 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 
     10 10 10 & 
10 10 10 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 10 
     10 10 10 & 
10 10 10 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 10 10 
     10 10 10 & 
10 10 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 10 10 
     10 10 10 & 
10 10 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 10 10 10 
     10 10 10 & 
10 10 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 10 10 10 10 
     10 10 10 & 
10 10 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 10 10 10 10 10 
     10 10 10 & 
10 10 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 10 10 10 10 10 10 
     10 10 10 & 
10 10 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 10 10 10 10 10 10 10 
     10 10 10 & 
10 10 10 4 4 4 4 4 4 4 4 4 4 4 4 10 10 10 10 10 10 10 10 10 
     10 10 10 & 
10 10 10 4 4 4 4 4 4 4 4 4 4 4 10 10 10 10 10 10 10 10 10 10 
     10 10 10 & 
10 10 10 10 10 4 4 4 4 4 4 10 10 10 10 10 10 10 10 10 10 10 10 10 
     10 10 10 & 
10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 
     10 10 10 & 
10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 
     10 10 10 
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51 1 0.061952 -105 -101 102 imp:n=1 fill=6 tmp=2.585E-7 $Reactor Core fill=6 
52 3 -0.00051 -100 imp:n=1   u=11 tmp=2.585E-7 $coolant channel 
53 5 -19.6925 -200 100 u=11 imp:n=1 tmp=2.585E-7 $W-Re hex out coolant channel 
54 5 -19.6925 200 imp:n=1   u=11 tmp=2.585E-7 $W-Re outside hex 
55 5 -19.6925 -200 imp:n=1 u=12 tmp=2.585E-7 $W-Re hex out no coolant channel 
56 5 -19.6925 200 imp:n=1  u=12 tmp=2.585E-7 $W-Re outside hex no cc 
57 5 -19.6925 -200 u=13 imp:n=1   tmp=2.585E-7  
     lat=2 fill=-3:3 -3:3 0:0 $W-Re element hex 
     12 12 12 12 12 12 12 
     12 12 12 11 11 11 12 
     12 12 11 11 11 11 12 
     12 11 11 11 11 11 12 
     12 11 11 11 11 12 12 
     12 11 11 11 12 12 12 
     12 12 12 12 12 12 12 
58 5 -19.6925 -200 u=30 imp:n=1   tmp=2.585E-7 lat=2  
     fill=-3:3 -3:3 0:0 $W-Re element hex 
     12 12 12 12 12 12 12 
     12 12 12 12 12 12 12 
     12 12 12 12 12 12 12 
     12 12 12 12 12 12 12 
     12 12 12 12 12 12 12 
     12 12 12 12 12 12 12 
     12 12 12 12 12 12 12 
59 5 -19.6925 -130 imp:n=1 u=15 fill=13 tmp=2.585E-7 $entire W-Re element fill=13 
60 5 -19.6925 130 imp:n=1 u=15 tmp=2.585E-7 $outside W-Re element 
61 5 -19.6925 -130 imp:n=1 u=31 fill=30 tmp=2.585E-7 $entire W-Re element fill=30 
62 5 -19.6925 130 imp:n=1  u=31 tmp=2.585E-7 $outside W-Re element 
64 5 -19.6925 -130 imp:n=1  u=16 tmp=2.585E-7 lat=2  
     fill=-13:13 -13:13 0:0  $W-Re Support  
     31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31  
     31 31 & 
31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31  
     31 31 31 & 
31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 15 15 15 15 15 15 31 31  
     31 31 31 & 
31 31 31 31 31 31 31 31 31 31 31 31 31 15 15 15 15 15 15 15 15 15 15 15 
     31 31 31 & 
31 31 31 31 31 31 31 31 31 31 31 31 15 15 15 15 15 15 15 15 15 15 15 15 
     31 31 31 & 
31 31 31 31 31 31 31 31 31 31 15 15 15 15 15 15 15 15 15 15 15 15 15 15 
     15 31 31 & 
31 31 31 31 31 31 31 31 31 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 
     15 31 31 & 
31 31 31 31 31 31 31 31 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 
     15 31 31 & 
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31 31 31 31 31 31 31 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 
     15 31 31 & 
31 31 31 31 31 31 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 
     15 31 31 & 
31 31 31 31 31 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 
     15 31 31 & 
31 31 31 31 31 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 
     31 31 31 & 
31 31 31 31 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 
     31 31 31 & 
31 31 31 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 
     31 31 31 & 
31 31 31 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 31 
     31 31 31 & 
31 31 31 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 31 31 
     31 31 31 & 
31 31 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 31 31 
     31 31 31 & 
31 31 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 31 31 31 
     31 31 31 & 
31 31 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 31 31 31 31 
     31 31 31 & 
31 31 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 31 31 31 31 31 
     31 31 31 & 
31 31 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 31 31 31 31 31 31 
     31 31 31 & 
31 31 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 31 31 31 31 31 31 31 
     31 31 31 & 
31 31 31 15 15 15 15 15 15 15 15 15 15 15 15 31 31 31 31 31 31 31 31 31 
     31 31 31 & 
31 31 31 15 15 15 15 15 15 15 15 15 15 15 31 31 31 31 31 31 31 31 31 31 
     31 31 31 & 
31 31 31 31 31 15 15 15 15 15 15 31 31 31 31 31 31 31 31 31 31 31 31 31 
     31 31 31 & 
31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 
     31 31 31 & 
31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 
     31 31 31 
66 5 -19.6925 -105 103 -102 imp:n=1 fill=16 tmp=2.585E-7 $extra W-Re support fill=16 
68 3 -0.00051 -100 imp:n=1   u=17 tmp=2.585E-7 $Bery coolant channel 
69 2 -1.792 -200 100 u=17 imp:n=1 tmp=2.585E-7 $Bery hex out coolant channel 
70 2 -1.792 200 imp:n=1   u=17 tmp=2.585E-7 $Bery outside hex 
71 2 -1.792 -200 imp:n=1 u=18 tmp=2.585E-7 $Bery hex out no coolant channel 
72 2 -1.792 200 imp:n=1  u=18 tmp=2.585E-7 $Bery outside hex no cc 
73 2 -1.792 -200 u=20 imp:n=1   tmp=2.585E-7 lat=2  
     fill=-3:3 -3:3 0:0 $Bery element hex 
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     18 18 18 18 18 18 18 
     18 18 18 17 17 17 18 
     18 18 17 17 17 17 18 
     18 17 17 17 17 17 18 
     18 17 17 17 17 18 18 
     18 17 17 17 18 18 18 
     18 18 18 18 18 18 18 
74 2 -1.792 -130 imp:n=1 u=19 fill=20 tmp=2.585E-7 $entire Bery element fill=20 
75 2 -1.792 130 imp:n=1 u=19 tmp=2.585E-7 $outside Bery element 
76 2 -1.792 -200 u=21 imp:n=1   tmp=2.585E-7 lat=2  
     fill=-3:3 -3:3 0:0 $Bery element hex 
     18 18 18 18 18 18 18 
     18 18 18 18 18 18 18 
     18 18 18 18 18 18 18 
     18 18 18 18 18 18 18 
     18 18 18 18 18 18 18 
     18 18 18 18 18 18 18 
     18 18 18 18 18 18 18 
77 2 -1.792 -130 imp:n=1 u=22 fill=21 tmp=2.585E-7 $entire Bery element fill=21 
78 2 -1.792 130 imp:n=1 u=22 tmp=2.585E-7 $outside Bery element 
79 2 -1.792 -130 imp:n=1 u=23 tmp=2.585E-7 lat=2  
     fill=-13:13 -13:13 0:0  $Bery top 
     22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22  
     22 22 & 
22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22  
     22 22 22 & 
22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 19 19 19 19 19 19 22 22  
     22 22 22 & 
22 22 22 22 22 22 22 22 22 22 22 22 22 19 19 19 19 19 19 19 19 19 19 19 
     22 22 22 & 
22 22 22 22 22 22 22 22 22 22 22 22 19 19 19 19 19 19 19 19 19 19 19 19 
     22 22 22 & 
22 22 22 22 22 22 22 22 22 22 19 19 19 19 19 19 19 19 19 19 19 19 19 19 
     19 22 22 & 
22 22 22 22 22 22 22 22 22 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 
     19 22 22 & 
22 22 22 22 22 22 22 22 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 
     19 22 22 & 
22 22 22 22 22 22 22 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 
     19 22 22 & 
22 22 22 22 22 22 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 
     19 22 22 & 
22 22 22 22 22 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 
     19 22 22 & 
22 22 22 22 22 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 
     22 22 22 & 
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22 22 22 22 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 
     22 22 22 & 
22 22 22 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 
     22 22 22 & 
22 22 22 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 22 
     22 22 22 & 
22 22 22 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 22 22 
     22 22 22 & 
22 22 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 22 22 
     22 22 22 & 
22 22 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 22 22 22 
     22 22 22 & 
22 22 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 22 22 22 22 
     22 22 22 & 
22 22 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 22 22 22 22 22 
     22 22 22 & 
22 22 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 22 22 22 22 22 22 
     22 22 22 & 
22 22 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 22 22 22 22 22 22 22 
     22 22 22 & 
22 22 22 19 19 19 19 19 19 19 19 19 19 19 19 22 22 22 22 22 22 22 22 22 
     22 22 22 & 
22 22 22 19 19 19 19 19 19 19 19 19 19 19 22 22 22 22 22 22 22 22 22 22 
     22 22 22 & 
22 22 22 22 22 19 19 19 19 19 19 22 22 22 22 22 22 22 22 22 22 22 22 22 
     22 22 22 & 
22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 
     22 22 22 & 
22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 
     22 22 22 
82 2 -1.792 -105 101 -106 imp:n=1 fill=23 tmp=2.585E-7 $topBe reflector coolant chansfill=23 
83 2 -1.792 105 -108 101 -106 imp:n=1 tmp=2.585E-7 $top Be reflector no coolant 
c 70 2 -1.792 -302 301 -101 102 imp:n=1 tmp=2.585E-7 $Solid Be Reflector 
89 3 -0.00051 -101 102 -301 105 imp:n=1 tmp=2.585E-7 $Gap btwn Reflector and core 
90 6 -2.49 -400 401 50 51 imp:n=1 tmp=2.585E-7 $Boron pieces 
95 like 90 but *trcl=(0 0 0 45 -45 90 135 45 90 90 90 0) 
96 like 90 but *trcl=(0 0 0 90 0 90 180 90 90 90 90 0) 
97 like 90 but *trcl=(0 0 0 135 45 90 135 135 90 90 90 0) 
98 like 90 but *trcl=(0 0 0 180 90 90 90 180 90 90 90 0) 
99 like 90 but *trcl=(0 0 0 225 135 90 45 225 90 90 90 0) 
100 like 90 but *trcl=(0 0 0 270 180 90 0 270 90 90 90 0) 
101 like 90 but *trcl=(0 0 0 315 135 90 45 315 90 90 90 0) 
102 2 -1.792 (102 -101 -302 301) #90 #95 #96 #97 #98  
     #99 #100 #101  imp:n=1   
200 9 -8.19 -600 602 imp:n=1   tmp=2.585E-7 $nozzle 
202 9 -8.19 -601 603 imp:n=1   tmp=2.585E-7 $nozzle 
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203 3 -0.00051 -602:-603 imp:n=1 tmp=2.585E-7 $inside nozzle 
250 8 -2.94 (-110 302 -106 103):(-111 106 -110):(-110 105 -102 103) 
     imp:n=1   tmp=2.585E-7 $pressure vessel 
c 260 7 -0.01248 -106 107 -108 imp:n=1 tmp=2.585E-7 $H2 inside PV 
261 7 -0.01248 -106 101 108 -302 imp:n=1 tmp=2.585E-7 $air inside PV 
300 11 -0.00129 (110:111:105 110:-103:105(600 601 -602 -603)) 
     600 601 -700 imp:n=1   
720 0 700 imp:n=0  
 
c Surface Specifications 
100 cz 0.1397 
101 pz 40 
102 pz -40 
103 pz -42 $extra W-Re support plate 
105 cz 20.25 
106 pz 50 $top reflector  
108 cz 23.5 
110 cz 35.7 $pressure vessel 
111 pz 52 $top pressure vessel 
c 120 pz -126 
130 rhp 0 0 -42 0 0 94 0.47625 0.825 0 0.9525 0 0 0.47625 -0.825 0 
200 rhp 0 0 -42 0 0 94 0 0.2 0 0.173205 0.1 0 0.173205 -0.1 0 
301 cz 20.5 $inner reflector 
302 cz 34.5 $outer reflector 
400 rcc 0 27.5 -40 0 0 80 6.998 $control drum 
401 rcc 0 27.5 -40 0 0 80 5.75 $control drum 
50 p 3.46 29.5 27.5 3.46 29.5 -27.5 0 27.5 0 
51 p -3.46 29.5 27.5 -3.46 29.5 -27.5 0 27.5 0 
600 TRC 0 0 -92 0 0 50 5.5 19.5 $nozzle cone 
601 TRC 0 0 -142 0 0 50 19.5 5.5 $bottom cone 
602 TRC 0 0 -92 0 0 50 5 19 
603 TRC 0 0 -142 0 0 50 19 5 




mode n p 
kcode 25000 1.0 20 150 
ksrc 0 0 0 
c Materials 
m1   92235.74c 0.198854801 
     92238.74c 0.006150148 
     7014.74c  0.210311 
     74182.74c 0.116345559 
     74183.74c 0.062826602 
     74184.74c  0.134521809 
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     74186.74c 0.12489 
     75187.74c 0.091503045 
     75185.74c 0.054667954 
     64152.74c 1.06122E-5 
     64154.74c 0.000115673 
     64155.74c 0.000785303 
     64156.74c 0.00108616 
     64157.74c 0.000830405 
     64158.74c 0.001318036 
     64160.74c 0.001159914 $Tungsten Cermet UN 235 97 
m2   4009.72c 1 $Beryllium 
m3   1002.74c 1 $Hydrogen 
m4   6000.74c 1 $Carbon 
m5   74182.74c  0.19875 
     74183.74c 0.107325 
     74184.74c 0.2298  
     74186.74c 0.21255 
     75187.74c 0.0935 
     75185.74c 0.1565 
m6   5010.72c 4 $Boron Carbide 
     6000.72c 1 
m7   1002.70c 0.79 $cold hydrogen 
m8   13027.74c 0.05664561237 
     29063.74c 0.0033964133 
     12024.74c 0.0002153103 
     25055.74c 0.0003951602 
m9   6000.74c 0.0005 
     28058.74c 0.58 $Ni 
     24052.74c 0.31 $Cr 
     26056.74c 0.11 $Fe 
     25055.74c 0.005 $Mn 
     16032.74c 0.00015 $S 
     14028.74c 0.005 $Si 
     29063.74c 0.005 $Cu 
m11  7014.70c 0.79 $air 
     8016.70c 0.21 
mt4 grph.19t 
mt9 grph.19t 
mt2 be.16t    
 





120 cm reactor 
 
c HOT 120cm reactor enriched 97% 40-60 
c Cell Specifications 
10 3 -0.00051 -100 imp:n=1  u=1 tmp=2.585E-7 $coolant channel 
15 1 0.061825 -200 100 imp:n=1 u=1 tmp=2.585E-7 $hex out coolant channel 
16 1 0.061825 200 imp:n=1  u=1 tmp=2.585E-7 $outside hex 
17 1 0.061825 -200 imp:n=1 u=2 tmp=2.585E-7 $hex out no coolant channel 
18 1 0.061825 200 imp:n=1 u=2 tmp=2.585E-7 $outside hex no cc 
20 1 0.061825 -200 u=3 imp:n=1 tmp=2.585E-7 lat=2 fill=-3:3 -3:3 0:0  $fuel element hex 
     2 2 2 2 2 2 2 
     2 2 2 1 1 1 2 
     2 2 1 1 1 1 2 
     2 1 1 1 1 1 2 
     2 1 1 1 1 2 2 
     2 1 1 1 2 2 2 
     2 2 2 2 2 2 2 
25 1 0.061825 -130 imp:n=1 fill=3 u=4 tmp=2.585E-7 $entire fuel element fill=3 
26 1 0.061825 130 imp:n=1 u=4 tmp=2.585E-7 $outside fuel element 
27 3 -0.00051 -100 imp:n=1 u=7 tmp=2.585E-7 $coolant channel 
28 4 -2.1 -200 100 u=7 imp:n=1 tmp=2.585E-7 $pyro hex out coolant channel 
29 4 -2.1 200 imp:n=1 u=7 tmp=2.585E-7 $pyro outside hex 
30 4 -2.1 -200 imp:n=1 u=8 tmp=2.585E-7 $pyro hex out no coolant channel 
31 4 -2.1 200 imp:n=1 u=8 tmp=2.585E-7 $pyro outside hex no cc 
32 4 -2.1 -200 u=9 imp:n=1 tmp=2.585E-7 lat=2 fill=-3:3 -3:3 0:0 $pyro element hex 
     8 8 8 8 8 8 8 
     8 8 8 8 8 8 8 
     8 8 8 8 8 8 8 
     8 8 8 8 8 8 8 
     8 8 8 8 8 8 8 
     8 8 8 8 8 8 8 
     8 8 8 8 8 8 8 
33 4 -2.1 -130 imp:n=1 u=10 fill=9 tmp=2.585E-7 $entire pyro element fill=9 
34 4 -2.1 130 imp:n=1 u=10 tmp=2.585E-7 $outside pyro element   
50 4 -2.1 -130 imp:n=1 u=6 tmp=2.585E-7 lat=2 fill=-13:13 -13:13 0:0 $Reactor Core Total Fuel 
     10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10  
     10 10 & 
10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10  
     10 10 10 & 
10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 4 4 4 4 4 4 10 10  
     10 10 10 & 
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10 10 10 10 10 10 10 10 10 10 10 10 10 4 4 4 4 4 4 4 4 4 4 4 
     10 10 10 & 
10 10 10 10 10 10 10 10 10 10 10 10 4 4 4 4 4 4 4 4 4 4 4 4 
     10 10 10 & 
10 10 10 10 10 10 10 10 10 10 4 4 4 4 4 4 4 4 4 4 4 4 4 4 
     4 10 10 & 
10 10 10 10 10 10 10 10 10 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 
     4 10 10 & 
10 10 10 10 10 10 10 10 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 
     4 10 10 & 
10 10 10 10 10 10 10 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 
     4 10 10 & 
10 10 10 10 10 10 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 
     4 10 10 & 
10 10 10 10 10 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 
     4 10 10 & 
10 10 10 10 10 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 
     10 10 10 & 
10 10 10 10 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 
     10 10 10 & 
10 10 10 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 
     10 10 10 & 
10 10 10 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 10 
     10 10 10 & 
10 10 10 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 10 10 
     10 10 10 & 
10 10 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 10 10 
     10 10 10 & 
10 10 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 10 10 10 
     10 10 10 & 
10 10 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 10 10 10 10 
     10 10 10 & 
10 10 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 10 10 10 10 10 
     10 10 10 & 
10 10 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 10 10 10 10 10 10 
     10 10 10 & 
10 10 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 10 10 10 10 10 10 10 
     10 10 10 & 
10 10 10 4 4 4 4 4 4 4 4 4 4 4 4 10 10 10 10 10 10 10 10 10 
     10 10 10 & 
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10 10 10 4 4 4 4 4 4 4 4 4 4 4 10 10 10 10 10 10 10 10 10 10 
     10 10 10 & 
10 10 10 10 10 4 4 4 4 4 4 10 10 10 10 10 10 10 10 10 10 10 10 10 
     10 10 10 & 
10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 
     10 10 10 & 
10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 
     10 10 10 
51 1 0.061825 -105 -101 102 imp:n=1    fill=6 tmp=2.585E-7 $Reactor Core fill=6 
52 3 -0.00051 -100 imp:n=1    u=11 tmp=2.585E-7 $coolant channel 
53 5 -19.6925 -200 100 u=11 imp:n=1    tmp=2.585E-7 $W-Re hex out coolant channel 
54 5 -19.6925 200 imp:n=1    u=11 tmp=2.585E-7 $W-Re outside hex 
55 5 -19.6925 -200 imp:n=1    u=12 tmp=2.585E-7 $W-Re hex out no coolant channel 
56 5 -19.6925 200 imp:n=1    u=12 tmp=2.585E-7 $W-Re outside hex no cc 
57 5 -19.6925 -200 u=13 imp:n=1 tmp=2.585E-7 lat=2 fill=-3:3 -3:3 0:0 $W-Re element hex 
     12 12 12 12 12 12 12 
     12 12 12 11 11 11 12 
     12 12 11 11 11 11 12 
     12 11 11 11 11 11 12 
     12 11 11 11 11 12 12 
     12 11 11 11 12 12 12 
     12 12 12 12 12 12 12 
58 5 -19.6925 -200 u=30 imp:n=1 tmp=2.585E-7 lat=2 fill=-3:3 -3:3 0:0 $W-Re element hex 
     12 12 12 12 12 12 12 
     12 12 12 12 12 12 12 
     12 12 12 12 12 12 12 
     12 12 12 12 12 12 12 
     12 12 12 12 12 12 12 
     12 12 12 12 12 12 12 
     12 12 12 12 12 12 12 
59 5 -19.6925 -130 imp:n=1    u=15 fill=13 tmp=2.585E-7 $entire W-Re element fill=13 
60 5 -19.6925 130 imp:n=1    u=15 tmp=2.585E-7 $outside W-Re element 
61 5 -19.6925 -130 imp:n=1    u=31 fill=30 tmp=2.585E-7 $entire W-Re element fill=30 
62 5 -19.6925 130 imp:n=1    u=31 tmp=2.585E-7 $outside W-Re element 
64 5 -19.6925 -130 imp:n=1    u=16 tmp=2.585E-7  
     lat=2 fill=-13:13 -13:13 0:0  $W-Re Support  
     31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31  
     31 31 & 
31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31  
     31 31 31 & 
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31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 15 15 15 15 15 15 31 31  
     31 31 31 & 
31 31 31 31 31 31 31 31 31 31 31 31 31 15 15 15 15 15 15 15 15 15 15 15 
     31 31 31 & 
31 31 31 31 31 31 31 31 31 31 31 31 15 15 15 15 15 15 15 15 15 15 15 15 
     31 31 31 & 
31 31 31 31 31 31 31 31 31 31 15 15 15 15 15 15 15 15 15 15 15 15 15 15 
     15 31 31 & 
31 31 31 31 31 31 31 31 31 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 
     15 31 31 & 
31 31 31 31 31 31 31 31 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 
     15 31 31 & 
31 31 31 31 31 31 31 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 
     15 31 31 & 
31 31 31 31 31 31 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 
     15 31 31 & 
31 31 31 31 31 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 
     15 31 31 & 
31 31 31 31 31 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 
     31 31 31 & 
31 31 31 31 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 
     31 31 31 & 
31 31 31 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 
     31 31 31 & 
31 31 31 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 31 
     31 31 31 & 
31 31 31 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 31 31 
     31 31 31 & 
31 31 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 31 31 
     31 31 31 & 
31 31 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 31 31 31 
     31 31 31 & 
31 31 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 31 31 31 31 
     31 31 31 & 
31 31 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 31 31 31 31 31 
     31 31 31 & 
31 31 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 31 31 31 31 31 31 
     31 31 31 & 
31 31 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 31 31 31 31 31 31 31 
     31 31 31 & 
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31 31 31 15 15 15 15 15 15 15 15 15 15 15 15 31 31 31 31 31 31 31 31 31 
     31 31 31 & 
31 31 31 15 15 15 15 15 15 15 15 15 15 15 31 31 31 31 31 31 31 31 31 31 
     31 31 31 & 
31 31 31 31 31 15 15 15 15 15 15 31 31 31 31 31 31 31 31 31 31 31 31 31 
     31 31 31 & 
31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 
     31 31 31 & 
31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 
     31 31 31 
66 5 -19.6925 -105 103 -102 imp:n=1    fill=16 tmp=2.585E-7 $extra W-Re support fill=16 
68 3 -0.00051 -100 imp:n=1    u=17 tmp=2.585E-7 $Bery coolant channel 
69 2 -1.792 -200 100 u=17 imp:n=1    tmp=2.585E-7 $Bery hex out coolant channel 
70 2 -1.792 200 imp:n=1    u=17 tmp=2.585E-7 $Bery outside hex 
71 2 -1.792 -200 imp:n=1    u=18 tmp=2.585E-7 $Bery hex out no coolant channel 
72 2 -1.792 200 imp:n=1    u=18 tmp=2.585E-7 $Bery outside hex no cc 
73 2 -1.792 -200 u=20 imp:n=1 tmp=2.585E-7  
     lat=2 fill=-3:3 -3:3 0:0 $Bery element hex 
     18 18 18 18 18 18 18 
     18 18 18 17 17 17 18 
     18 18 17 17 17 17 18 
     18 17 17 17 17 17 18 
     18 17 17 17 17 18 18 
     18 17 17 17 18 18 18 
     18 18 18 18 18 18 18 
74 2 -1.792 -130 imp:n=1    u=19 fill=20 tmp=2.585E-7 $entire Bery element fill=20 
75 2 -1.792 130 imp:n=1    u=19 tmp=2.585E-7 $outside Bery element 
76 2 -1.792 -200 u=21 imp:n=1    tmp=2.585E-7  
     lat=2 fill=-3:3 -3:3 0:0 $Bery element hex 
     18 18 18 18 18 18 18 
     18 18 18 18 18 18 18 
     18 18 18 18 18 18 18 
     18 18 18 18 18 18 18 
     18 18 18 18 18 18 18 
     18 18 18 18 18 18 18 
     18 18 18 18 18 18 18 
77 2 -1.792 -130 imp:n=1    u=22 fill=21 tmp=2.585E-7 $entire Bery element fill=21 
78 2 -1.792 130 imp:n=1    u=22 tmp=2.585E-7 $outside Bery element 
79 2 -1.792 -130 imp:n=1    u=23 tmp=2.585E-7  
     lat=2 fill=-13:13 -13:13 0:0  $Bery top 
147 
 
     22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22  
     22 22 & 
22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22  
     22 22 22 & 
22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 19 19 19 19 19 19 22 22  
     22 22 22 & 
22 22 22 22 22 22 22 22 22 22 22 22 22 19 19 19 19 19 19 19 19 19 19 19 
     22 22 22 & 
22 22 22 22 22 22 22 22 22 22 22 22 19 19 19 19 19 19 19 19 19 19 19 19 
     22 22 22 & 
22 22 22 22 22 22 22 22 22 22 19 19 19 19 19 19 19 19 19 19 19 19 19 19 
     19 22 22 & 
22 22 22 22 22 22 22 22 22 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 
     19 22 22 & 
22 22 22 22 22 22 22 22 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 
     19 22 22 & 
22 22 22 22 22 22 22 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 
     19 22 22 & 
22 22 22 22 22 22 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 
     19 22 22 & 
22 22 22 22 22 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 
     19 22 22 & 
22 22 22 22 22 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 
     22 22 22 & 
22 22 22 22 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 
     22 22 22 & 
22 22 22 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 
     22 22 22 & 
22 22 22 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 22 
     22 22 22 & 
22 22 22 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 22 22 
     22 22 22 & 
22 22 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 22 22 
     22 22 22 & 
22 22 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 22 22 22 
     22 22 22 & 
22 22 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 22 22 22 22 
     22 22 22 & 
22 22 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 22 22 22 22 22 
     22 22 22 & 
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22 22 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 22 22 22 22 22 22 
     22 22 22 & 
22 22 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 22 22 22 22 22 22 22 
     22 22 22 & 
22 22 22 19 19 19 19 19 19 19 19 19 19 19 19 22 22 22 22 22 22 22 22 22 
     22 22 22 & 
22 22 22 19 19 19 19 19 19 19 19 19 19 19 22 22 22 22 22 22 22 22 22 22 
     22 22 22 & 
22 22 22 22 22 19 19 19 19 19 19 22 22 22 22 22 22 22 22 22 22 22 22 22 
     22 22 22 & 
22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 
     22 22 22 & 
22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 
     22 22 22 
82 2 -1.792 -105 101 -107 imp:n=1 fill=23 tmp=2.585E-7 $topBe reflector coolant chansfill=23 
83 2 -1.792 105 -108 101 -107 imp:n=1    tmp=2.585E-7 $top Be reflector no coolant 
c 88 2 -1.792 -302 301 -101 102 imp:n=1    tmp=2.585E-7 $Solid Be Reflector 
89 3 -0.00051 -101 102 -301 105 imp:n=1    tmp=2.585E-7 $Gap btwn Reflector and core 
90 6 -2.494 -400 401 50 51 imp:n=1    tmp=2.585E-7 $Boron pieces 
95 like 90 but *trcl=(0 0 0 45 -45 90 135 45 90 90 90 0) 
96 like 90 but *trcl=(0 0 0 90 0 90 180 90 90 90 90 0) 
97 like 90 but *trcl=(0 0 0 135 45 90 135 135 90 90 90 0) 
98 like 90 but *trcl=(0 0 0 180 90 90 90 180 90 90 90 0) 
99 like 90 but *trcl=(0 0 0 225 135 90 45 225 90 90 90 0) 
100 like 90 but *trcl=(0 0 0 270 180 90 0 270 90 90 90 0) 
101 like 90 but *trcl=(0 0 0 315 135 90 45 315 90 90 90 0) 
102 2 -1.792 (102 -101 -302 301) #90 #95 #96 #97 #98 #99  
     #100 #101  imp:n=1    
200 9 -8.19 -600 602 imp:n=1    tmp=2.585E-7 $nozzle 
202 9 -8.19 -601 603 imp:n=1    tmp=2.585E-7 $nozzle 
203 3 -0.00051 -602:-603 imp:n=1    tmp=2.585E-7 $inside nozzle 
250 8 -2.94 (-110 302 -106 103):(-111 106 -110):(-110 105 -102 103) 
     imp:n=1    tmp=2.585E-7 $pressure vessel 
260 7 -0.01248 -106 107 -108 imp:n=1    tmp=2.585E-7 $H2 inside PV 
261 7 -0.01248 -106 101 108 -302 imp:n=1    tmp=2.585E-7 $H2 inside PV 
300 11 -0.00129 (110:111:105 110:-103:105(600 601 -602 -603)) 
     600 601 -700 imp:n=1    
720 0 700 imp:n=0    
 
c Surface Specifications 
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100 cz 0.1397 
101 pz 60 
102 pz -60 
103 pz -62 $extra W-Re support plate 
105 cz 20.25 
106 pz 70 $thickness of PV 
107 pz 69.999 $top reflector 
108 cz 23.5 
110 cz 33.7 $pressure vessel 
111 pz 72 $top pressure vessel 
130 rhp 0 0 -62 0 0 134 0.47625 0.825 0 0.9525 0 0 0.47625 -0.825 0 
200 rhp 0 0 -62 0 0 134 0 0.2 0 0.173205 0.1 0 0.173205 -0.1 0 
301 cz 20.5 $inner reflector 
302 cz 32.5 $outer reflector 
400 rcc 0 26.5 -60 0 0 120 5.999 $control drum 
401 rcc 0 26.5 -60 0 0 120 4.75 $control drum 
50 p 3.46 28.5 26.5 3.46 28.5 -26.5 0 26.5 0 
51 p -3.46 28.5 26.5 -3.46 28.5 -26.5 0 26.5 0 
600 TRC 0 0 -112 0 0 50 5.5 19.5 $nozzle cone 
601 TRC 0 0 -162 0 0 50 19.5 5.5 $bottom cone 
602 TRC 0 0 -112 0 0 50 5 19 
603 TRC 0 0 -162 0 0 50 19 5 




mode n p 
kcode 250000 1.0 20 150 
ksrc 0 0 0 
c Materials 
m1   92235.74c 0.194523906 
     92238.74c 0.006016203 
     7014.74c  0.211181 
     74182.74c 0.1170608 
     74183.74c 0.063212848 
     74184.74c  0.135348824 
     74186.74c 0.125586393 
     75187.74c 0.09206559 
     75185.74c 0.055004 
     64152.74c 2.12825E-5 
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     64154.74c 0.000231979 
     64155.74c 0.001574905 
     64156.74c 0.002178265 
     64157.74c 0.001665356 
     64158.74c 0.002643287 
     64160.74c 0.002326178 $Tungsten Cermet UN 235 
m2   4009.72c 1 $Beryllium 
m3   1002.74c 1 $Hydrogen 
m4   6000.74c 1 $Carbon 
m5   74182.74c  0.19875 
     74183.74c 0.107325 
     74184.74c 0.2298  
     74186.74c 0.21255 
     75187.74c 0.0935 
     75185.74c 0.1565 
m6   5010.72c 4 $Boron Carbide 
     6000.72c 1 
m7   1002.70c 0.79 $cold hydrogen 
m8   13027.74c 0.05664561237 
     29063.74c 0.0033964133 
     12024.74c 0.0002153103 
     25055.74c 0.0003951602 
m9   6000.74c 0.0005 
     28058.74c 0.58 $Ni 
     24052.74c 0.31 $Cr 
     26056.74c 0.11 $Fe 
     25055.74c 0.005 $Mn 
     16032.74c 0.00015 $S 
     14028.74c 0.005 $Si 
     29063.74c 0.005 $Cu 
m11  7014.70c 0.7614 $air 
     8016.70c 0.2302 
     1002.70c 0.0084 
mt4 grph.19t 
mt9 grph.19t 
mt2 be.16t    
kopts blocksize=20 kinetics=yes precursor=yes 
PRDMP 30 30 0 5 
 
